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A summary of the photophysics of azulene and some 
of its derivatives is presented. Although much of this 
work is confirmatory in nature, new ideas are discussed 
in relation to the absorption and emission properties of 
these compounds.
An analysis of the absorption and emission spectra 
of the cations of several azulene derivatives is made.
These absorptive and emissive transitions are assigned 
through the aid of theoretical calculations. The proton 
dissociation in the excited states of these derivatives 
is also discussed.
The reactivity of azulene in acidic media is also 
discussed. This reactivity in acidic media has led to 
the development of an analytical technique for the deter­





The primary purpose of this work is to investigate 
the electronic properties of azulene and several of its 
derivatives. This goal is to be achieved via absorption 
and emission studies of a series of azulenes in their free 
molecular states and in their cationic states. The inves­
tigation of the molecular azulenic species is primarily a 
confirmation of the existing knowledge of these species.
Some areas which require additional clarification are 
expanded upon and new problems are proposed. The investi­
gation of the cationic azulenic species confirms and 
greatly expands the existing knowledge of these species.
This work provides, for the first time, a systematic study 
of the absorptive and emissive properties and a discovery 
of the triplet emissions of a variety of azulenic cations. 
The investigation of the cationic azulenic species re­
discovers a little studied class of azulenium cations, 
the alkylidene- and benzylidene-azulenium cations. The 
knowledge of these latter species is confirmed and expanded, 
and a unique application of this knowledge is presented.
The integration of the new information presented in 
this work with that information in the literature leads to 
the conclusion that there is a close correspondence of 
properties of the azulene molecule in the second excited
1
2
singlet state with the azulenium cation in the first 
excited singlet state. The available information does not 
allow one to predict whether this excited state more close­
ly resembles the neutral molecule or the cation. It does, 
however, allow one to associate the excited-state proper­
ties of one with the excited-state properties of the other.
Literature Review
The so-called anomalous fluorescence of azulene and 
azulene derivatives has been studied by many investigators 
frequently since Beer and Longuet-Higgins1 first reported 
this anomaly in 1955 when they suggested that the prob­
ability of radiationless transitions from the second to 
the first excited singlet state was small compared with 
the probability of radiative transitions from the second 
excited singlet state to the ground state. The most reason 
able explanation for this phenomenon seemed to be the 
unusually large energy separation between the two lowest 
excited singlet states. The energy gap, AE_ _ , was
“ 2 s i
found to be about 14,000 cm” 1. Such a large separation 
made the effective intersection of potential energy sur­
faces improbable, and thus radiationless transitions from 
the upper to the lower excited state were rendered improb­
able. It was found that the fluorescence of a sample at 
room temperature could be observed, although the spectrum 
was more diffuse than that of a sample at low temperature
3
and the relative intensity of the 0-0 band was decreased. 
The obvious vibrational spacing was found to be 1420 cm-1. 
Viswanath and Kasha confirmed the results of Beer and 
Longuet-Higgins and reported the anomalous fluorescence 
of several alkyl-substituted azulenes. The emissive prop­
erties of 2,4,8-trimethyl-, 2,4,5-trimethyl-, and 1,4- 
dimethyl-7-isopropylazulene were found to be similar to 
those of azulene. The fluorescent maximum of all the deri­
vatives was red-shifted relative to that of azulene. This 
shift was found to be in agreement with the general red- 
shift of the second excited singlet state associated with 
any substitution into the azulene nucleus. These authors 
concluded that the large AES ^_S  ̂ might be a necessary but 
not a sufficient condition to explain the anomalous fluor­
escence because similar AE„ „ values are observed in thes 2~S i
spectra of other molecules, all of which emit normal 
fluorescence. These authors suggested that the location 
of the lowest triplet states of these molecules was at 
least in part responsible for the fluorescence anomaly.
The relatively high fluorescence yield led these authors to 
conclude that no triplet levels occur in the vicinity of 
the second excited singlet, S2. If excited triplets were 
within about 3000 cm-1 of S2 , it would be likely that S2 
fluorescence would not be observable because intersystem 
crossing into the triplet manifold should then become 
highly probable.
Both these groups also reported the absence of normal
4
St -*• SQ fluorescence. The former group suggested that 
the potential surfaces of the first excited singlet and 
the ground states must cross so that excitation results in 
the conversion of electronic excitation to vibrational 
energy of the ground state. The latter group suggested 
that the failure to obtain normal fluorescence was due to 
the location of an excited triplet state at or just below 
the first excited singlet.
Both these groups could not observe phosphorescence 
from azulene and its derivatives. Beer and Longuet-Higgins 
proposed that there was no phosphorescence because the low­
est triplet level lies just above the lowest excited sing­
let and thus radiationless transitions between these two 
states would effectively quench the phosphorescence. 
Viswanath and Kasha » on the other hand, proposed that the 
phosphorescence could not be observed because the lowest 
triplet level occurs in a region that would produce a
aphosphorescence in the infrared beyond the 12000 A limit 
to their equipment.
Heilbronner and co-workers3 have proposed that three 
factors must be taken into consideration in order to pro­
vide a satisfactory explanation of the azulene fluores­
cence anomaly. These factors are (1) the absolute and
relative size of the energy gaps AE and AE** 1 “ o "i “ 1
(2) the Franck-Condon factors for the transitions (S, -► S,) 
and (S2 -► Sj), and (3) the role of the triplet states. In 
Heilbronner's study, azulene derivatives were chosen to
5
modify sequentially each of the above factors. If a factor 
had major importance, the influence of that factor on the 
fluorescence anomaly should be observable. 2-Phenylazulene 
and 1,3-dibromoazulene were chosen to modify factors two 
and three. The phenyl group of 2-phenylazulene red-shifts 
the second excited singlet state relative to azulene and 
acts as a "loose bolt" substituent. The effect of this 
substitution is to increase the rate of (S2 -*■ Sx) internal 
conversion over that of (s2 ■+ s0) emission. Spin-orbit 
coupling in the case of 1,3-dibromoazulene is considerably 
increased relative to that of azulene and should increase 
the rate of intersystem crossing. 1,2-Benz-, 4,5-benz, and 
5,6-benzazulene were chosen primarily to modify factors one 
and two. All these compounds were found to fluoresce from 
the second excited singlet state. The authors concluded 
that single annelation that lowers the symmetry from c 2v 
to cs or c2, substitution of a "loose bolt" substituent, 
increase of the energy gap ratio (AE_ __ /AE ), and anS i "S q B 2 ̂ S j
increase in spin-orbit coupling do not remove this anomaly.
Leermakers and co-workers^ have reviewed the anomalous 
electronic properties of azulenes and have reported anoma­
lous fluorescence for 4,6,8-trimethylazulene, 1,3-diacetyl- 
azulene, and 1,3-diacetyl-4,6,8-trimethylazulene. In the 
case of the latter compound the energy gap, AE _ , is8 j °  1
reduced to 5700 cm-1; hence, the authors ruled out the 
energy gap explanation for the anomalous fluorescent pro­
perties of the azulenes. They did, however, find that the
6
relative emission yields of s2 S0 decreased as the energy 
gap decreased. No Sl -*■ S0 fluorescence of the azulene 
derivatives was found. In all cases, these authors found 
a general red-shift of the fluorescence maximum of the 
azulene derivatives relative to that of azulene. These 
red-shifts were found to be in close agreement with the 
red-shifts of the maxima in the S2 +■ S0 absorption spectra. 
The effects of substituents in the azulene nucleus on the 
spectra were explained by means of both inductive and 
hyperconjugative interactions. These authors emphasized 
the need for the precise determination of the triplet 
levels of the azulenes in order to more fully understand 
the nature of the general S2 ■+■ S 0 emission property of the 
azulenes.
5 6 7Murata and co-workers have reported anomalous
fluorescence and the relative quantum yields of fluores­
cence for eighteen substituted azulenes. The presented 
data lead to the conclusion that the fluorescence 
yields are well correlated with the energy gap,
AE_ __ , and that internal conversion to S, is the main3 2 3 i
route of radiationless decay of S2. These authors suggest­
ed that an internal heavy atom effect could not explain 
the variation in fluorescence quantum yield. This conclu­
sion was supported by the fact that the quantum yields of 
fluorescence of 1-chloro-, 5-chloro-, and 1,3-dichloro- 
azulene were all larger than that of the fluorescence of 
azulene itself. Similar results could not be observed when
7
2-iodo-, 1,3—diiodo-, 1,2,3-triiodo-, and 2-chloro-l,3- 
diiodoazulene were studied because only 2-iodoazulene was 
found to fluoresce. It was proposed that the lack of 
fluorescence from the other iodo-derivatives might be 
attributable to quenching by enhanced intersystem crossing 
or some photochemical process. Since some iodoazulenes 
have been found to be unstable under normal atmospheric
Qconditions, photodecomposition of these derivatives would
not be surprising. The authors also reported that the
addition of 2 molar bromobenzene to a cyclohexane solution
of azulene had no effect on the intensity of fluorescence.
gDhingra and Poole have reported the anomalous fluores­
cence of 1-trifluoroacetylazulene, 1-nitroazulene, and 1- 
azuloic acid. The anomaly was especially interesting in 
these cases because the long wavelength absorption transi­
tion exhibited the properties of a n* «- n transition.
These reported emissions were even more anomalous than all 
those previously described. The emissions observed in this 
study occurred at higher energies than those of the absorp­
tion maxima of the S2 +■ S 0 absorption transition. Thus,
these emissions must be attributed to a transition from S3
eor S,, or to impurity emissions. Murata and co-workers 
have reported that no emission from 1-nitroazulene was 
found. These authors also reported emission of radiation 
from the S2 state of the ethyl ester of 1-azuloic acid. 
Rentzepis*® has successfully observed fluorescence
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from the lowest excited singlet state and has observed an 
emission which was assigned to the phosphorescence from 
the lowest triplet state of azulene. A low quantum yield 
of 'vl0~7 was overcome by employing picosecond laser pulses 
from a high power solid state laser as a source of excita­
tion. The ruby laser at 14,400 cm-1 (at v = O o f S 1 «-S0) 
and the second harmonic of Nd. glass at 18,862.8 cm"1 (at 
v  = 5 of Sj f S 0) were used to excite azulene to the S x 
state at an extremely high rate. The low quantum yield 
was attributed to very efficient non-radiative relaxation 
and perhaps to intersystem crossing. A value of 7.5 x 10~12 
sec for the non-radiative relaxation time, T^ , was deter­
mined in another experiment.^ A value of 60 x 10“ 12 sec
1 ?for T^c was determined by Rentzepis in a third experiment 
and a corresponding value of T.c = 4 x 10~12 sec was deter- 
mined by Drent and co-workers. The emission attributed 
to phosphorescence appeared only at 77 K, its intensity 
decreased sharply when the solution contained oxygen, and 
its lifetime was ^10“ 6 sec. The quantum yield was found to 
be ^10“ 7 and the 0-0 band was estimated to be at 10,500 
cm-1. Rentzepis concluded that direct relaxation to the 
ground state as a result of level crossing between the 
excited singlet and ground states was the dominant process 
for the relaxation from the first excited singlet of 
a2ulene. This conclusion was based on the low quantum 
yields of fluorescence and phosphorescence, the strong
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coupling of the two singlet states, and the fast (^8.3 x 
10” 12 sec) repopulation of the ground state. Drent, on 
the other hand, concluded that a dominant mode of relaxa­
tion was intersystem crossing from Si to Tj; this conclu­
sion was based on heavy-atom perturbation studies. A 
relaxation time of 4.0 + 0.5 psec was found for azulene 
in benzene. When a 5% CClk solution in benzene was used 
as a solvent, a relaxation time of azulene that was 2.5 +
0.5 psec faster than that of azulene in the original solu­
tion was determined.
The Sj -► S0 fluorescence of azulene has been confirmed
by Hochstrasser and Friedman.^ These authors reported a
resolved Sj -+■ S0 fluorescence of azulene in naphthalene
single crystals at 4.2 K. The Tj -*• S0 phosphorescence of
azulene has not been confirmed by other workers; however,
the SQ fluorescence and the Tt -+• S0 phosphorescence
for some azulene derivatives have been recorded. Kroning 
15and Gladien have recorded the Sx -► S0 fluorescence spec­
tra and have measured the quantum yields of 1-formylazulene, 
l-formyl-4,6,8-trimethylazulene and 1,3-diformylazulene.
The fluorescence was excited by isolated lines from a 500 
watt high-pressure mercury lamp and was detected by an EMI 
9558 QA photomultiplier. The quantum yields, relative to 
that of eosin, were 1,3-diformylazulene, 1 x 10“ 5, 1-formyl-
4,6,8-trimethylazulene, 1 x 10- 6 , and 1-formylazulene, 1 x 
10“ 7. The long wavelength emissions were mirror images of 
the S, + S, absorption bands, the lifetimes of the excited
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states were less than 2 x 10“* sec, and no quenching of 
these emissions from solutions containing trans-stilbene, 
anthracene or azulene was observed; the authors thus con­
cluded that the emissions were fluorescences. The intensi­
ties of these emissions were, however, very dependent on the 
temperature. For example, the intensity of the 1-formyl-
4,6,8-trimethylazulene fluorescence increased 20-fold in 
going from %250 to ^105 K. The intensity in all three 
cases increased with decreasing temperature. This effect 
was strongest in the case of l-formyl-4,6,8-trimethylazu- 
lene.
Dorr and co-workers^ have shown that through proper 
substitution the emission characteristics of azulene may 
be changed from primarily S2 ■+ S Q fluorescence to either 
dual fluorescence or to primarily Sx -+■ S Q fluorescence.
The compounds in this study were divided into three groups. 
Group one consisted of azulene and 1-azuloic acid. These 
two compounds exhibited exclusively S2 -*■ S„ fluorescence 
between the temperatures of 3.8 and 300 K. Group two 
consisted of 1-trichloroacetylazulene, diethyl azulene-1,3- 
dicarboxylate and diethyl 2-chloroazulene-l,3-dicarboxylate. 
The derivatives in this group exhibited primarily S2 S0 
fluorescence at room temperature. At low temperatures 
Sx -*■ S0 fluorescence was found to be more intense than 
that of S2 -+ S„ fluorescence. The intensity of Sj -► S0 
fluorescence increased with decreasing temperature until
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the limiting value was reached. Group three consisted of 
a single compound, diethyl 2-amino-6-bromo-azulene-l,3- 
dicarboxylate. This derivative exhibited primarily Sj -* S0 
fluorescence at all temperatures. At low temperatures 
an emission said to be Tj -+■ S„ phosphorescence appeared.
All the absorption and emission spectra in this study were 
those of the azulenes in ethanol solutions.
Several qualitative arguments were presented by the 
authors to explain the emissive behavior of these azulene 
derivatives. These arguments are all based on the sizes of 
the S2 -► Sx and Sj -* S Q energy gaps. In the case of azu­
lene and 1-azuloic acid, it is argued that since the latter 
derivative has a smaller S2 -* Sj energy gap than the former, 
the Franck-Condon factor for S2 ̂  Sj internal conversion is 
increased and the quantum yield of S2 -► S0 fluorescence is 
decreased. This conclusion agrees with the experimental 
results. Conversely, the Sj ■+ SQ energy gap was larger 
in the case of the carboxylic acid and an increase in the 
■+■ S0 fluorescence quantum yield was to be expected. No 
long wavelength emission was found. The emission, if pre­
sent, must have had a quantum yield less than ^5 x 10“ 6, 
the detection limit of the instrument. In the case of 
diethyl 2-amino-6-bromoazulene-l,3-dicarboxylate, it is 
argued that the large Sj -► S0 and the small S2 Sx energy 
gaps, which are normal for most compounds, caused this 
derivative to behave normally. The compounds in Group two 
exhibited smaller S2 +  s8 fluorescence quantum yields than
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did 1-azuloic acid. This result was also in agreement with 
the energy gap rule because all these derivatives have 
larger S, -► S„ and smaller S2 Si energy gaps. Thus, 
fluorescence from S2 could successfully compete with inter­
nal conversion to Sj in systems that have S2 ■+■ S x energy 
gaps in the range of 9,000-10,000 cm-1. The S2 -+■ Sc fluor­
escence intensity was found to be independent of tempera­
ture, whereas the Si -*• S0 fluorescence intensity was found 
to be strongly dependent on temperature. The authors con­
cluded that if the radiative rate constant was independent 
of temperature and had the same magnitude as that of azu­
lene, then the fluorescence dependence on temperature must 
have been due to the temperature dependence of the radia- 
tionless transitions.
17Dorr and co-workers, in a very recent study, have 
measured the lifetimes and the quantum yields of fluores­
cence of two azulene carbonyl compounds, (which were 
incorrectly identified in the reference), as a function 
of temperature. These carbonyl compounds were 1-formyl- 
4-methyl-7-isopropenylazulene and 1,2-dihydrocyclopent[c.d] 
azulene-2-one. The «- S 0 transition of both of these 
derivatives exhibits a blue-shift and the S2 <- S, transi­
tion exhibits a red-shift relative to the corresponding 
transitions of azulene. As a result, these azulene deriva­
tives exhibit dual fluorescences when they are excited into 
the second or higher excited singlet states. It was found
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that the fluorescence corresponding to a transition from 
S2 to S0 was essentially independent of temperature while 
that corresponding to a transition from S2 to S0 was strong­
ly temperature dependent. In addition, it was discovered 
that the Sx SQ fluorescence of the second compound was 
extremely weak, when 3-methylpentane was the solvent. Con­
sequently, ethanol was the solvent in the systems for 
which the data were reported.
These authors reported the quantum yield of internal 
conversion, $IC(S2 S ^ ,  as unity within experimental 
error. Thus internal conversion was assumed to be the 
dominant relaxation process in the deactivation of the 
second excited singlet state. Further, it was determined 
that the rate constant for internal conversion, KIC(S2 S ) 
was almost independent of temperature. On the other hand, 
it was found that lowering the temperature from 300 to 77 
K increased the quantum yield of S t -+■ S 0 fluorescence by a 
factor of nearly ten. Therefore, this temperature depend­
ence must be influenced by the temperature dependence of 
the rates of internal conversion, KIC (S ! -+■ S 0) and/or 
intersystem crossing, KIC (SI -*■ T) . The authors were unable 
to establish a definite association of the temperature 
dependence with either of these radiationless processes.
The onset temperature of the variation of ^ (Sj -*■ S D) with 
temperature was about the same for both compounds and it 
coincided with the softening point of the solvent. Thus,
14
the authors concluded that the solvent cage strongly 
influenced the deactivation rates of S ̂ .
The fluorescence yields and lifetimes are shown below.
 x 10~5
Compound Excited State 77 K 300 K Ts , 77 K, ns
1-Formy1-4-methy1-7-isopropenylazulene
Sj  50 6 1 . 4  + 0 . 2
S 2 9 . 1  7 . 2
1,2-Dihydroxycyclopent[c.d]azulene-2-one
Sj  7 0  8 . 5  1 . 2  + 0 . 2
S 2 7 . 7  5 . 8
The magnitudes of the lifetimes are found to be exactly 
the opposite of those for the parent azulene. In the 
parent compound, T is in the nanosecond range whereas3 2
T is in the picosecond range.a l
The locations of the triplet levels of azulene have 
not been determined by direct observation. Rentzepis has 
reported a weak phosphorescence, but this observation has 
not been confirmed and other experimental data seem to cast 
doubt on the reported T| -*■ So emission. Several authors 
have used energy transfer studies to bracket the first 
azulene triplet. Ware18 used anthracene as the donor and 
the flash photolytic technique to determine the location 
of the triplet. This study resulted in a first-order rate 
constant for the disappearance of the anthracene triplet.
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The disappearance was found to be proportional to azulene 
concentration and the rate constant for transfer was deter­
mined to be 1.3 x 1010 M” lsec_1. Azulene solutions,
2.5 x 10” 7 to 1.3 x 10-6 M, in hexane were used in the 
experiment in which the disappearance of the anthracene 
triplet was measured. The author concluded that the first 
triplet level of azulene must lie considerably below the 
14,900 cm-1 triplet level of anthracene. Unsuccessful 
attempts were made to observe triplet-triplet absorption 
of azulene in hexane at room temperature and in glycerol 
at -75° C.
Hammond and co-workers^ have determined that azulene 
in concentrations of 2 x 10“ 6 to 2 x 10“ 5 M has no measur­
able effect on the decay of naphthacene triplets. In view 
of Ware's work, the authors concluded that the triplet 
excitation energy of azulene must lie between those of 
naphthacene (10,250 cm-1) and anthracene (14,900 cm-1).
This range is further narrowed by the facts that the 
decrease in phosphorescence intensity begins to occur when 
the excitation energy of the donor is 700 - 1400 cm-1 
greater than that of the acceptor and that quenching 
activity is still readily measurable when the acceptor 
requires 700 - 1050 cm-1 more energy than that available 
in the vibrationally unexcited donor. These considerations 
lead the authors to conclude that the lowest triplet level 
of azulene lies between about 10,950 and 13,500 cm-1.
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Glandien and Kroningtw have determined that the lowest 
triplet level of azulene lies above the 12,450 cm' 1 triplet 
level of perylene. These authors employed the quenching 
effect of azulene on the eosin sensitized delayed fluores­
cence of perylene to locate the triplet level of azulene.
The authors thus measured the activation energy required 
for azulene quenching of the perylene triplet and added 
this value to the known energy of the perylene triplet to
yield a 13,990 cm" 1 triplet level for azulene.
2 1In a similar set of experiments, Kroning re-deter­
mined the triplet level of azulene by studying the quench­
ing effect of azulene on the eosin sensitized delayed 
fluorescence of perylene and of 3,4-benzpyrene. This study 
resulted in a 13,500 cm" 1 triplet level for azulene.
Herkstroeter^ has confirmed the results of Glandien 
and Kroning. This author employed a graded series of sensi­
tizers that have triplet energies to the range from 8,000 
to 15,000 cm" 1 to bracket the azulene triplet energy. This 
experiment suggested that the 14,900 cm-1 triplet level of 
anthracene was the lowest energy sensitizer in which 
diffusion-controlled energy transfer to azulene occurred.
The author also employed the activation energy technique 
to confirm the location of the first triplet level of azu­
lene. The activation energy for energy transfer from 
anthracene to azulene was found to be 2060 cm- 1. When 
combined with the known 11,820 cm-1 triplet level of anthan-
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threne this addition yields a 13,800 cm-1 triplet level 
for azulene.
The location of the lowest azulene triplet in the 
neighborhood of 15,000 cm-1 is also suggested by the re­
sults of an electron paramagnetic resonance experiment of 
Kim.2  ̂ This investigator has found EPR spectra both for 
azulene-hB and azulene-de in phenazine single crystals. 
These experiments also demonstrated that the azulene trip­
let state was mainly populated through phenazine excita­
tion. Harrell2  ̂ has located the lowest phenazine triplet 
level at 15,576 cm-1. Thus, the lowest triplet level of 
azulene should be located near 15,000 cm"1.
Huebner, Frey and Compton2 have reported the thres­
hold electron excitation spectra of azulene-h, and azulene- 
d e. The most prominent feature of these spectra is a 
region of strong energy absorption centered at 19,680 cm-1* 
The azulene-h, spectrum shows elements of vibrational 
structure, the energy separations of which closely corres­
pond in energy with c-c bond stretching modes. Absorption 
must correspond either to direct excitation of singlet- 
triplet transitions or to the excitation of an electron- 
azulene molecule compound state since absorption of this 
energy does not correspond to any optical transition. This 
compound state would have to be an excited negative state, 
since a negative-ion state of lower energy has been 
reported.26
Robinson and Frosch27 have reported that it is
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possible to quench part of the S2 -*• S0 fluorescence of 
azulene with heavy atom solvents. In addition, these 
authors reported a new emission at 20,000 cm-1 which they 
attributed to a T T fluorescence. The relative intensity 
of the proposed T -+■ T emission, compared with that of the 
S2 -+■ S0 fluorescence, increased rapidly with increasing 
atomic number of the atoms in the solvent. The new emis­
sion spectra were not given in the report. The authors 
also reported experiments which tentatively indicated that 
the lowest triplet of azulene must be no higher than 6,000 
cm-1 above the ground state. El-sayed and Lower^S reported 
that Robinson, in a personal communication, indicated that 
the new emission of azulene was due to an impurity.
There are several reports in the literature on the 
somewhat "anomalous" behavior of azulene in heavy-atom 
solvents such as carbon tetrachloride, the halobenzenes and 
others. Finch^ reported that both azulene and the azulene- 
iodine complex were unstable in carbon tetrachloride. The 
absorption maximum of the complex absorption spectrum 
shifted slowly to higher energy and increased 60% in height 
in one hour. The solution of this complex deposited a 
reflective film within 24 hours. As previously mentioned, 
Brent and co-workers observed that the S 2 + Sj fluorescence 
was completely quenched in carbon tetrachloride solution.
A 5% carbon tetrachloride solution in benzene resulted in 
about 50% reduction of the S 2 -► S 0 fluorescence. The same 
effect, though less pronounced, was observed when the
19
azulene in chlorobenzene and chloroform solutions was 
studied.
Berlman3® has made the most definitive study to date 
on the heavy-atom collisional quenching of the fluorescent 
states of aromatic compounds. The relative fluorescence 
yields, R, of a series of 57 aromatics in benzene and bromo- 
benzene were determined. R is the ratio of the fluores­
cence intensity from a benzene solution to that from a 
bromobenzene solution. The author measured the rate con­
stants for heavy-atom quenching by bromobenzene and found 
them to vary from 0.7 x 107 to 3.0 x 109 sec-1. It was 
proposed that the quenching constants were composed of a 
rate constant for intermolecular singlet-triplet energy 
transfer from the aromatic to the quencher and a rate con­
stant for induced intramolecular intersystem crossing in 
the aromatic. Both these quenching processes were deemed 
effective when the fluorescent level of the donor was higher 
in energy than the triplet level of the quencher and only 
the latter process was deemed effective when the quencher 
triplet lay above the donor fluorescent level. In the case 
of azulene, Berlman concluded that a second triplet lay 
below the second singlet level. As a result of these 
experiments, collisional quenching was interpreted to be 
a short range phenomenon and this close encounter of the 
excited donor and the heavy-atom quencher was necessary in 
order that the halogen p-orbital might overlap the II- 
orbitals of the donor. This overlap in turn facilitated
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breakdown of the spin selection rules. It was hypothesized 
that a transient charge-transfer state might be produced 
at the time of collision; steric hindrance and a change of 
conformation upon excitation were found to interfere with 
collisional quenching. In addition, it was found that many 
planar molecules which were sensitive to heavy-atom quench­
ing were also sensitive to concentration quenching and to 
excimer formation.
The replacement of hydrogen in aromatic systems by 
deuterium has long been known to enhance the lifetime and 
the yield of phosphorescence. It is commonly accepted that 
the effect of deuterium is to decrease intersystem crossing 
between the lowest triplet and the ground state. Fluores­
cence must compete with internal conversion to the ground 
state and with intersystem crossing to a lower triplet; 
both processes should be little affected by the replacement 
of hydrogen with deuterium. Ross and co-workers^ have 
shown that the fluorescence from azulene is enhanced by 
complete deuteration. The authors suggested that this 
enhancement was due to a decrease in the internal conver­
sion to S,. Again, the relative size of the energy gaps 
between excited states is invoked. As stressed by Robinson 
and Frosch, these authors pointed out the role of C-H 
stretching displacements in the internal conversion process 
of azulene. Siebrand and Williams-^ have made a similar 
observation. Hence, in this case, an increase in fluores-
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cence yield due to the elimination of the C-H contribution 
through deuteration was expected.
Knight and Selinger^ have reported the deuterium 
isotope effect on the fluorescence lifetime of azulene. 
Deuteration was found to increase the lifetime by a factor 
of 1.5 in glassy solution at 77 K and by a factor of 1.6 
for the isolated molecule (23° C and 0.02 torr). These 
authors concluded that the isotope effect was most likely 
due to reduction of the C-H contribution to the S2 'v* 
internal conversion process. This explanation was left 
open to speculation since there was a possibility of deu­
teration affecting intersystem crossing to triplet states 
higher than T ;. The authors also found that the lifetime
Owas shorter for excitation at 3159 A than for that at 
3371 A.
A third example of fluorescence enhancement as a 
result of deuteration of azulene was provided by Rentzepis,
Jortner, and Jones^ and by Rentzepis, Huppert, and
35Jortner. These authors have observed S2 -► S* fluorescence 
in azulene-hB and azulene-d0 and the emission quantum yield 
of azulene-d, was found to be 20% greater than that of 
azulene-h0. The quantum yield in both cases is rather 
small. It was first reported to be 10” 7 and later to be 
2 x 10“ H. This discrepancy has been ascribed by Birks^6 
to be due to an error in the calculation by the Rentzepis 
group. The Rentzepis group used the value of 0.24 for the
22
fluorescence yield of S2 -*-So that was reported by 
Berlman. The latter value was in error and should 
have been 0.02 4.
The S 2 -*■ Sj fluorescence of azulene has been confirmed 
by Lim and Gillispie38 and by Wild.39 Lim and Gillispie 
have reported a highly resolved spectrum consisting of 14 
bands. A tentative vibrational analysis which is consist­
ent with the known Sj vibrational fundamentals was pre­
sented. This spectrum was obtained from an azulene solu­
tion in n-hexane at 77 K, a Shpolskii matrix. The quantum 
yield of azulene S 2 + Sj fluorescence from methylcyclohexane 
solutions at 77 K is reported to be 4 x 10” 6. The S 2 S ( 
fluorescence reported by Wild is much less structured even 
though the spectrum was recorded from an azulene solution 
in n-hexane at 7 K. The relative intensities of the 
various bands in the latter spectrum do not compare with 
those in the previous spectrum.
The electronic absorption spectrum of azulene and many 
of its derivatives are well k n o w n . ^ ' ^ ' ^ , 4 3 ^he influ­
ence of substitution on the absorption spectrum of azulene 
has been formalized in terms of correlations known as 
Plattner's rules.^ These empirical rules, in the revised 
form devised by Heilbronner, have been shown to be in 
reasonable agreement with experiment.
The electronic absorption spectrum of azulene has 
received a great deal of attention in recent years.
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Robertson and King45 have identified four transitions. The
Orelatively weak band at 2 956 A has often been mistakenly 
assigned to be a vibrational member of the S s «- S 0 transi­
tion. These authors used the frequency shifts due to 
density changes in the solvent to establish the 2956 A band 
to be a separate electronic transition. This band had 
previously been assigned to be a separate transition by 
Pariser.^ Thus, a total of six electronic transitions 
have been reported.47'48 ' 49 These six bands begin at 
approximately 7000, 3500, 3000, 2800, 2400, and 2100 A.
Hunt and Ross5® have photographically recorded the 
first two electronic transitions of azulene in the vapor 
phase and the first transition of azulene as the pure cry­
stal at 4 K. The vapor spectrum of the Si S 0 transition 
was interpreted in terms of seven upper state vibrational 
frequencies and one difference interval. The positions of 
a total of 76 bands were recorded. The 0-0 band was 
assigned to be the band at 14,277 cm-1. Bands were appar­
ent at lower energies but were temperature dependent; hence 
these bands were considered to be difference bands. The 
seven fundamentals were 382, 658, 861, 1195, 1395, 1565 and 
1820 cm-1 and the difference interval was 45 cm-1. Hunt and 
Ross found approximately 200 bands in the S 2 +- So absorp­
tion transition of azulene in the vapor phase. The resolv­
ing power of their spectrograph was insufficient to complete 
ly separate all the bands. For this reason, the authors
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grouped the bands into 10 main bands and assigned the o-0 
band to be at 28,758 cm-1. in addition, the authors found 
a weak temperature sensitive band to the red of the 0-0 
band. A tentative analysis was made on the basis of nine 
fundamental frequencies and four difference intervals. 
Lacey, McCoy and Ross*^ have studied the S2 ■*- S0 absorption 
transition of azulene in the vapor phase and at 4 K in 
four crystalline hosts with higher resolution equipment. 
These authors did not, however, provide a complete analysis 
of the vibrational structure. They reported that the 
vibrational structure was greatly altered by changing the 
molecular environment. The proposed interpretation invoked 
strong vibronic coupling between the S 2 •«- S 0 and the 
si, so absorption transitions.
Olszowski and Ruziewiez^^ have studied the first 
electronic absorption transition of azulene in n-pentane 
matrix at 77 K. These authors found 34 bands which they 
analyzed in terms of 7 fundamentals. The solution 0-0 
band was located at 14,307 cm-1. In a more thorough study, 
Olszowski, Ruziewiez and Chojnacki^^ studied the vibronic 
structure of the various electronic transitions of azulene 
in frozen hydrocarbon solution. The •*- S 0 transition of 
azulene in isooctane at 77 K showed 33 bands which were 
again analyzed in terms of seven fundamental vibration 
frequencies. A strong 0-0 band was located at 14,412 cm"1. 
The S 2 + S 0 absorption transition showed 4 2 bands which
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were analyzed in terms of 11 fundamental vibration frequen­
cies. The 0-0 band of azulene in isooctane solution at 
77 K was located at 28,552 cm-1. The S2 -*• S0 fluorescence 
spectrum in isooctane solution at 77 K showed 58 bands 
which were analyzed in terms of combinations and overtones 
of the 11 fundamentals of the ground state of azulene. The
0-0 band of the S 2 s 0 fluorescence was located at 28,354 
cm-1. It was also possible to locate the 0-0 bands of 
S 3 +- S and S h S Q of azulene in isooctane. These bands 
were at 33,836 and 35,550, respectively. Four fundamental 
vibration frequencies were identified in each of these 
transitions. The various electronic transitions of azulene 
in methylcyclohexane, cycloheptane and decalin were also 
studied. The resolution of the spectrum of azulene in 
these solvents was much poorer than that of azulene in 
isooctane and only part of the previously mentioned funda­
mentals could be determined.
The relaxation dynamics of azulene in the first 
excited singlet state have been studied by several workers 
in recent years. As briefly stated previously, the 
Rentzepis group has reported relaxation lifetimes of 7.5 
psec for v = 5 of Si and 60 as well as 4 psec for relaxa­
tion from the lowest vibrational level. In addition, they 
reported an 8.3 psec lifetime for the repopulation of the 
ground state after excitation to the first excited singlet 
state. Drent and co-workers have reported an electronic
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relaxation time of 4 psec and have suggested that this 
result was attributable to SI -+■ Ti intersystem crossing.
Heritage and P e n z k o f e r , 5 4  i n  a more recent study, 
have established an upper limit to the relaxation time of 
the azulene first excited singlet state. The pump and 
probe two photon excitation technique was used to establish 
the limits of <J1 and <2 psec for excitation frequencies of 
18,910 and 16,000 cm-1, respectively. Dorr, Schneider, 
and Wirth^^ have studied the same process with a mode- 
locked, f1ashlamp-pumped dye laser. The results were not 
conclusive, however, the authors postulated a lifetime of 
less than one psec. Ippen, Shank and Woerner^ have used 
sub-picosecond optical techniques to study non-radiative 
relaxation in azulene. The lifetime of S t was determined 
to be 1.9 + 0 . 2  psec. This same value was obtained for 
azulene solutions in cyclohexane, benzene, chlorobenzene 
and bromobenzene. These results were found to be in con­
tradiction to earlier results which indicated a definite 
heavy-atom effect.
The ultraviolet-visible absorption spectra of azulen- 
ium ions are w e l l - k n o w n . H e i l b r o n n e r ^ ®  has reviewed the 
formation and the properties of these stable species. The 
absorption spectra of these species are characterized by 
the disappearance of the long wavelength transition of the 
hydrocarbon. In addition, the extinction coefficients of 
the first absorption bands of the cations are approximately
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three times that of the s2 s „ transitions in the hydro­
carbons .
Nuclear magnetic resonance studies'’®*"*’* have shown 
that the structure of the cation may be represented by :
The only known exceptions are 1-substituted azulenes 
containing oxygen, such as 1-nitro, 1-formyl-, 1-trifluoro- 
acetyl- and 1-formylguaiazulene. Protonation in these 
derivatives occurs on the oxygen atoms.
The ultraviolet spectra of these oxygen-protonated 
azulenes are more complex than are those of the non-oxygen 
bearing azulenes. The absorption spectra of non-oxygen 
bearing azulenes are characterized by three intense, non­
structured bands between 200 and 400 nm. The oxygen- 
protonated azulenes show some structure in the ultraviolet 
absorption bands and show weaker bands above 400 nm.
Treibs and Scholz®^ have recorded the fluorescence of 
the cations of 4,7-dimethyl-, vetiv-, guai-, 1,3-dimethyl-,
1 ,2 ,3-trimethyl-, l-methylisoguai-f and 1 ,2-benzazulene, as 
well as 1,2-benzazulene-6-carbinol. The fluorescence 
appears to be normal. That is, fluorescence originates 
from the first excited singlet of the azulenium cations.
The fluorescence spectra are broad, 400 to 600 nm, struc­
tureless bands.
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Dhingra and Poole6® have examined the fluorescence 
spectra of the cations of 1-trifluoroacetylazulene,
1-nitroazulene, and 1-azuloic acid. The fluorescence in 
all three instances appears to be normal. This result 
seems to be significant since 1-trifluoroacetylazulene is 
known to be protonated on the oxygen atom. The azulene 
nucleus is thus more intact than that of a pure hydrocarbon 
azulene and yet it exhibits normal fluorescence at room 
temperature.
In all the experiments reported in this short review, 
the direct observation of the triplet levels of azulene and 
its derivatives seems to be the most desirable yet the most 
elusive datum in the photophysics of azulenes. The phos­
phorescence of azulene reported by Rentzepis in 1969 
remains unconfirmed. The phosphorescence of diethyl-2- 
amino—6-bromoazulene-l,3-dicarboxylate reported by Dorr and 
co-workers in 197 4 also remains unconfirmed. Phosphores­
cence from this latter derivative does, however, seem 
reasonable because of the substituents and their predicted 
perturbation of the azulene nucleus. Therefore, a search 
for the triplet levels of the azulene derivatives given in 
Chapter Two of this study was undertaken. These derivatives 
contain a wide variety of substituents such as alkyl-, 
aryl-, halogen, and carbonyl; and, as such, provide various 
modifications to the azulene nucleus. Absorption and emis­
sion studies of these derivatives in the presence of heavy-
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atom solvents should provide the maximum opportunity for 
the direct observation of their triplet levels.
The location of the triplet levels of azulenes should 
provide a great deal of information on their anomalous 
emission properties. Should the lowest energy triplet lie 
immediately below the first excited singlet, it would pro­
vide a convenient path for radiationless deactivation of 
the first excited singlet. On the other hand, should the 
lowest energy triplet lie at or immediately above the first 
excited singlet, this order would provide a convenient path 
for intersystem crossing from the second excited singlet 
and radiationless deactivation to the ground state. Both 
of these postulates lead to the same result, the reduction 
of the probability of radiative transitions between the 
first excited singlet and the ground state. The determina­
tion of the triplet levels would, however, help to deter­
mine the mechanistic path that is responsible for the 
radiationless deactivation of the first excited singlet.
It has been reported that the two types of azulenium 
cations emit normal fluorescence at room temperature. The 
search for azulene triplets should, therefore, be extended 
to these species. Since this perturbation has removed the 
long wavelength absorption transition and the fluorescence 
anomaly, perhaps it has also perturbed the system suffi­
ciently to permit direct observation of the triplet levels.
Should such observation be possible in the case of 
vinyl tropylium type ions, some information about the
location of the triplet levels in the original azulene 
would be possible if the absorption and emission transi­
tions of the ions can be correlated with those of the 
corresponding hydrocarbons. A great deal more information 
could be gained from azulenium ions of the type shown below.
In this case the basic II-electron system of the azulene 
nucleus is more intact than in the previous one. Therefore, 
direct information about the location of the triplet levels 
could be obtained should phosphorescence be observable from 
solutions of these species at 77 K.
The published fluorescence spectra of both these types 
of azulenium ions are rather featureless. This lack of 
structure indicates that at room temperature the structure 
of the emitting species is either considerably different 
from that of their original hydrocarbon or that the cation 
is much less rigid than is a normal azulene molecule.
At least in the case of azulene the fluorescence is Bomewhat




structured at room temperature and is more structured at 
77 K. It remains to be seen whether or not the fluores­
cence of the cations will exhibit a more structured spec­
trum at 77 K. It would be interesting if the fluorescence 
of the ions at 77 K would resemble that of the hydrocarbon.
The second matter which needs clarification is the 
nature of the first excited singlet state of azulene. It 
has been proposed that this transition is at least parti­
ally intramolecular charge-transfer in character. This 
fact is not confirmed by solvent dependency studies.
Solvent dependency studies of azulenes containing keto, 
aldehyde, and carboxylate chromophores indicate that there 
are I I *  •*- n characteristics in the lowest singlet-singlet 
transitions. The location of the I I *  «- II transition in 
these derivatives that corresponds to the lowest energy 
absorption transitions in unsubstituted azulene and its 
alkyl- and ary1-derivatives must be determined. For 
example, the Sj s0 transitions of 1,3-diacetyl- and
1 ,3-diacetyl-4,6 ,8-trimethylazulene as well as 1-formyl- 
4,6 ,8-trimethylazulene exhibit the characteristics of 
II* n transitions. That is, there are large blue shifts 
of the spectra of the molecules in ethanol solution rela­
tive to this position in the spectra of the molecules in 
hydrocarbon solution. In addition, the width at half­
height of these characteristic II* •*- n is much less than 
that of the II* ■*- H transition in azulene. In other words, 
the characteristic long wavelength II* ■*- IT transition of
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azulene and its alkyl- and aryl-derivatives seems to be 
absent in these derivatives. The S2 «- S0, as well as 
higher energy absorption transitions are readily recogniz­
able in all the derivatives. The absorptivities of the 
H* ■*- n transitions are, however, much greater than those 
of the corresponding II* + II transition of azulene. The 
absorptivities range up to about a thousand, a value that 
is very uncharacteristic of n* ■*- n transitions.
Photoelectron data®^ do little or nothing to clarify 
this matter. The photoelectron spectra indicate that the 
lowest energy ionization event in all the derivatives in 
this study is removal of an electron from a H-orbital of 
azulene.
CHAPTER TWO 
MATERIALS AND METHODS 
A. Preparation and Purification of Substituted Azulenes
1). 1,3-Dibromoazulene
1,3-Dibromoazulene was prepared by means of the
fi ftmethod of Anderson and co-workers. A solution of 0.543 
gram of azulene in 50 ml of benzene, which had been dried 
over sodium, was stirred and was treated with 1.82 grams 
of N-bromosuccinimide. The reaction mixture at room tem­
perature was stirred for 24 hours. The benzene was removed 
by means of a rotary evaporator. The resulting residue was 
dissolved in 15 ml of hexane and was chromatographed on a
2.5 x 20 cm column of 80-325 mesh neutral alumina. A dark 
blue band was developed and eluted with hexane. The hexane 
was removed by means of a rotary evaporator and 0.5 9 gram 
of blue-green crystalline 1 ,3-dibromoazulene was obtained. 





The sample used in this work to obtain absorption and 
emission spectra was further purified by means of three 
vacuum sublimations. Only the middle fraction from each 
sublimation was retained for further purification.
2). 1,3-Dichloroazulene
1,3-Dichloroazulene was prepared by means of a 
procedure identical to that described in section 1). From 
the reaction of 0.557 gram of azulene with 1.889 grams of 
N-chlorosuccinimide 0.4 84 gram of blue-green crystalline
1.3-dichloroazulene was obtained. The purification of
1 .3-dichloroazulene was achieved by means of a procedure 
identical to that described in section 1).
3). 1,3-Diacetylazulene
An attempt was made to prepare 1,3-diacetylazulene 
by the procedure of Anderson and co-workers.68 To a solu­
tion prepared from 0.51 gram of azulene and 25 ml of dry 
CS2 was added with stirring a mixture of 2.3 grams of 
powdered/ anhydrous A1C13, 4 5 ml of dry CS2 and 7 ml of 
acetic anhydride. The mixture was stirred for 2 hours and 
then 50 ml of ice water were added. The room temperature 
mixture was stirred an additional 20 minutes. The reaction 
mixture was subjected to the published procedures. This 
process resulted in the recovery of about 75% of the ori­
ginal azulene. After two attempts this procedure was aban­
doned in favor of the following procedure.
The following procedure is a modification of the 
improved method of Anderson and co-workers.6  ̂ a  solution
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of 0.88 gram of azulene in 50 ml of dry CH2Cl2 was 
treated with a solution of 10 ml of acetic anhydride and 
7 ml of stannic chloride in 50 ml of dry CH2Cl2 . The 
mixture was refluxed for 30 minutes and then stirred at 
room temperature for 14 hours. The stannic chloride 
complex was decomposed by the careful addition of 100 ml 
of 2N hydrochloric acid. The two layers were thoroughly 
mixed during the decomposition but were thereafter separ­
ated. The aqueous layer was extracted with two 100 ml 
portions of CH2C12. The combined CH2C12 solutions were 
washed with five 200 ml portions of water. The organic 
layer was dried over Na2SO„ and was concentrated by means 
of a rotary evaporator. The residue was dissolved in a 
mixture of 80 volume percent petroleum ether and 20 volume 
percent benzene. The solution was chromatographed on a
2.5 x 20 cm column of 80-325 mesh neutral alumina. The 
chromatogram was first developed with the petroleum ether- 
benzene mixture. Small amounts of colored impurities were 
eluted and discarded. Azulene was not one of the detected 
impurities.
The chromatogram was further developed with CH2C12 
and a reddish band was eluted. The solvent was removed by 
means of a rotary evaporator and a dark red solid was 
obtained. This residue was dissolved in a minimal quantity 
of CH2Cl2 and then 50 ml of petroleum ether were added.
The mixture was cooled to ice-bath temperature and was 
filtered to yield red flakes of 1 , 3-diacetylazulene. The
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petroleum ether filtrate contained small amounts of the 
unstable, lavender colored 1-acetylazulene. This proce­
dure, with the exception of the chromatography, was 
repeated until the filtrate was free of the lavender color.
The red flakes of 1,3-diacetylazulene were dissolved 
in CH2C12 and the solution was chromatographed on an 
alumina column identical to that described above. The 
chromatogram was developed and eluted with a mixture con­
sisting of 50 volume percent CH2C12 and 50 volume percent 
petroleum ether. The red zone was collected and concen­
trated by means of a rotary evaporator and 0.696 gram of
1 ,3-diacetylazulene in the form of red flakes was obtained. 
The uv-visible and NMR spectra of the compound were iden­
tical to the published spectra of the compound.
The sample used in this work to obtain absorption and 
emission spectra was further purified by three vacuum sub­
limations. Only the middle fraction from each sublimation 
was retained for further purification.
tO




1,3-Diacetyl-4,6 ,8-trimethylazulene was prepared 
by means of a modification of the procedures of Anderson 
and co-workers^ and Hafner and co-workers.^ A solution 
of 1.4 2 grains of 4,6 ,8-trimethylazulene in 50 ml of dry 
CHClj was treated with a solution of 15 ml of acetic anhy­
dride and 9 ml of stannic chloride in 50 ml of dry CHCl3. 
The reaction mixture was refluxed for 2 hours and was then 
stirred at room temperature for 16 hours. The mixture was 
chilled to ice-bath temperature, and the stannic chloride 
complex was decomposed by the addition of 100 ml of 2N 
hydrochloric acid. The two layers were thoroughly mixed 
during the decomposition of the complex and were then 
separated. The aqueous layer was extracted with one 100 ml 
portion of CHCl3. The combined CHClj solutions were washed 
with two 200 ml portions of water. The organic layer was 
dried over Na2S0H. The dried solution was concentrated in 
a rotary evaporator and then was chromatographed on a 2.5 
x 20 cm column of 80-325 mesh neutral alumina. The chroma­
togram was first developed with a mixture of 35 volume 
percent CH2C12 and 65 volume percent petroleum ether. This 
procedure resulted in the elution of a broad burgundy band 
of l-acetyl-4,6 ,8-trimethylazulene. Next the chromatogram 
was developed with CH2C12 to elute a broad red-orange band 
of 1,3-diacetyl-4,6 ,8-trimethylazulene. Since the bands 
were broad and partially overlapping, the solvents were 
removed in a rotary evaporator, and the residues were
38
re-chromatographed by means of procedures analogous to 
those above. The solvents were removed in a rotary eva­
porator to yield 0.21 gram of l-acetyl-4,6 ,8-trimethyl- 
azulene and 0.96 gram of 1,3-diacetyl-4,6 ,8-trimethyl- 
azulene. The latter product was recrystallized from 
petroleum ether. The uv-visible and NMR spectra were 






The sample used in this work to obtain absorption and 
emission spectra was further purified by means of three 
vacuum sublimations. Only the middle fraction from each 
sublimation was retained for further purification.
5). 1-Benzoyl- and 1 , 3-Dibenzoylazulene
1-Benzoyl- and 1,3-dibenzoylazulene were prepared 
by means of a modification of the procedure of Anderson 
and co-workers for the preparation of 1 , 3-diacetylazulene.
1-Benzoylazulene has been reported by Anderson and co-
71 7 9workers as well as by Hafner and Bernhard. * 1-3-
Dibenzoylazulene was not mentioned in these papers.
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A solution of 1.647 grains of azulene in 20 ml of dry 
CHC13 was treated with a solution of 2.6 ml of benzoyl 
chloride and 10 ml of stannic chloride in 4 0 ml of dry 
CHCI3. The reaction mixture was refluxed for 2 hours and 
then was stirred at room temperature overnight. The mixture 
was chilled to ice-bath temperature, and the stannic 
chloride complex was decomposed by the careful addition 
of 100 ml of 2N hydrochloric acid. The two layers were 
thoroughly mixed and thereafter were separated. The aque­
ous layer was extracted with one 100 ml portion of CHC13.
The combined CHC13 solutions were washed with two 200 ml 
portions of water. The organic layer was dried over 
Na2S(\. The dried solution was concentrated and then was 
chromatographed on a 2.5 x 20 cm column of 80-325 mesh 
neutral alumina. The chromatogram was first developed 
with a mixture of 30 volume percent CH2C12 and 70 volume 
percent petroleum ether. A broad burgundy band was eluted. 
The chromatogram was further developed with CH2C12 to elute 
a broad red-orange band. The compounds were collected and 
concentrated in a rotary evaporator to give a dark burgundy 
and a dark red residue, respectively.
The burgundy residue was dissolved in a minimal volume 
of benzene and was poured onto an alumina column similar to 
that described above. The chromatogram was developed and 
eluted with a 1 to 1 mixture of benzene and petroleum ether. 
The burgundy eluent was concentrated in a rotary evaporator 
to yield 0.81 gram of 1-benzoyl azulene.
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The dark red residue was dissolved in a minimal volume 
of CH2C12 and was poured onto an alumina column similar to 
those described above. The chromatogram was first devel­
oped with a 1 to 1 mixture of benzene and petroleum ether 
to elute a small quantity of 1-benzoylazulene. The chroma­
togram was further developed with CH2C12 to elute the red- 
orange band. The solvent was removed in a rotary evapora­
tor to yield 0.71 gram of 1,3-dibenzoylazulene.
The uv-visible and NMR spectra for both these compounds 
were consistent with the spectra of substances that have 
the reported structure.
i SnCU t
The analytical samples of each of these compounds 
were further purified by means of three vacuum sublimations. 
Only the middle fraction from each sublimation was retained 
for subsequent purification.
6). 1,2,3-Triphenylazulene
1,2,3-Triphenylazulene was prepared by means of
7 3the method of Assony and co-workers. A solution was 
prepared from 4.70 grams of 2,4-dinitrobenzenesulfenyl
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chloride and 7.12 grams of diphenylacetylene in 75 ml of 
dry, ice-bath cooled ethylene chloride. To this solution 
were added 2.65 grams of anhydrous AlCla. The reaction 
mixture was stirred in the ice bath for 15 minutes and was 
then refrigerated for 10 hours. To the cold solution were 
slowly added, with stirring, 25 ml of chilled 95% ethanol. 
The mixture was filtered through Celite and was immediately 
washed with two 50 ml portions of IN hydrochloric acid.
The solvent was removed in a rotary evaporator to yield a 
brown-black tar. The residue was dissolved in 50 ml of a 
1 to 1 mixture of mixed hexanes and benzene. This solution 
was chromatographed on a 2.5 x 20 cm column of 80-325 mesh 
neutral alumina. A broad blue band was developed and eluted 
with the same solvent. The solvent was removed in a rotary 
evaporator to yield 4.8 3 grams of 1,2,3-triphenylazulene as 
dull blue crystals. The uv-visible spectrum of this com­
pound was consistent with the published spectrum.
The 1,2,3-triphenylazulene was further purified by 
chromatographing the product three times on columns of
4>— C^=C-4» *  AICJJ+ ONBSCI
*
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alumina similar to that described above. In each instance 
the solvent was a 1 to 1 mixture of CHjCl^ and petroleum 
ether. The residue was then crystallized twice from hot 
nitromethane. The product, after the last crystallization, 
appeared in the form of lustrous blue-black crystals.
The analytical sample was further purified by means of 
two vacuum sublimations. Only the middle fraction from 
the first sublimation was retained for subsequent purifi­
cation .
7). 2-Phenylazulene
2-Phenylazulene was prepared by means of the 
following sequence of reactions.
a). Dichloroacetyl chloride 
Dichloroacetyl chloride was prepared by
means of the method of Brown.^ To a single neck round 
bottom flask were added 32 grams of dichloroacetic acid 
and 53 grams of benzoyl chloride. The flask was equipped 
with a short distillation column. The mixture was stirred 
and heated rapidly to boiling. The dichloroacetyl chloride 
was distilled out of the mixture as rapidly as was possible. 
By this procedure 29 grams of dichloroacetyl chloride, 




was prepared by means of the method of Stevens and co- 
"7 rworkers. To a three-neck flask equipped with a mechanical
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stirrer, a gas inlet tube, and a pressure-equalizing 
dropping funnel was added a solution of 62 grams of 
dichloroacetyl chloride and 48 grains of freshly distilled 
cyclopentadiene in 4 00 ml of dry hexane. This mixture was 
vigorously stirred under a slight nitrogen pressure, and, 
over a period of one hour, a solution of 41 grams of dry 
triethylamine in 200 ml of dry hexane was added. This 
mixture was stirred for two additional hours, and then was 
allowed to stand overnight. The slight nitrogen pressure 
was also maintained overnight. The solution was filtered, 
and the solid filter cake was thoroughly washed with hexane. 
The solvent was removed in a rotary evaporator to yield 51 
grams of crude 7,7-dichlorobicyclo[3 .2 .0]hept-2-en-6-one 
in the form of a yellow-orange liquid,
CHCI2C0CI EtsN  *C|2C = C = 0  + Et3N«HCI
O  j *ne,»—
a N :i ci
c) . 2-Hydroxycycloheptatrienone {Tropolone)
2-Hydroxycycloheptatrienone was prepared by 
means of the method of Stevens and co-workers.^ A solu­
tion was prepared from 31 grams of sodium acetate trihy­
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drate and 100 ml of acetic acid. This solution was stirred 
under a slight nitrogen pressure, and, in one portion, 10 
ml of water and 18 grains of 7 ,7-dichlorobicyclo [3. 2 . 0] hept-
2-en-6-one were added. The reaction mixture was then 
refluxed for 17 hours. After cooling, the reaction mixture 
was poured into 500 ml of a 20 percent solution of cupric 
sulfate. The resulting solution was well mixed and was 
extracted with four 300 ml portions of CHClj. The chloro­
form extract was dried over Na2SO^ and was concentrated in 
a rotary evaporator to yield copper tropolonate in the 
form of a green powder. This crude product was recrystal­
lized from a minimal quantity of hot CHC13 to yield 7.4 
grams of copper tropolonate in the form of dark green 
needles,
The purified copper tropolonate was dissolved in 
CHC13 and the solution was saturated with H2S. The preci­
pitated CuS was removed by vacuum filtration. The solvent 
was removed in a rotary evaporator to yield crude tropolone. 
This crude product was sublimed at 1 mm Hg to yield 4.37 




2-Chlorocycloheptatrienone was prepared by 
means of the method of Doering and Knox.^6 A mixture of 
1.68 grams of tropolone, 30 ml of dry benzene and 1.15 ml 
of thionyl chloride was refluxed in a flask over a water 
bath for two hours. The excess thionyl chloride and solvent 
were removed by distillation under reduced pressure to 
yield 1.95 grams of crystalline residue. The residue was 
sublimed at 2 mm Hg and 70-85° C to yield 1.60 grams of
2-chlorotropone in the form of pale yellow crystals.
e) . 3-Benzoyl-2H-cyclohepta[b]furan-2-one
3-Benzoyl-2H-cyclohepta tb]furan-2-one was 
prepared by means of a modification of the procedure of 
Nozoe and co-workers.^ A solution was prepared from 1.75 
grams of 2-chlorotropone, 3.6 grams of ethyl benzoyl 
acetate and 8 ml of absolute ethanol. To this solution 
were added, while the mixture was stirred and cooled to 
ice-bath temperature, 10 ml of a 1 M sodium ethoxide solu­
tion. The reaction mixture was stirred in the ice-bath for 
two hours and was then refrigerated for 14 hours. The 
reaction mixture was poured into 100 ml of ice water. At 
this point in the Nozoe experiment crystals formed; however, 
in this work no crystals were observed even following re­
frigeration of the mixture for 2 hours. The reaction mix­
ture was extracted with four 25 ml portions of benzene.
The benzene extract was washed with 50 ml of cold water 
and was dried over NazSO*. The benzene solution was
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concentrated to approximately 20 ml and was poured onto 
a short column of neutral alumina. A yellow-orange band 
was developed and eluted with benzene* The solvent was 
removed in a rotary evaporator to yield a yellow-orange 
oil. To this oil were added 5 ml of acetone and 75 ml of 
cold petroleum ether. The yellow-orange crystals that 
formed were collected by means of filtration. No further 





77The procedure of Nozoe and co-workers was 
used in two unsuccessful attempts to prepare this inter­
mediate. The procedure was abandoned in favor of the 
following procedure which is a modification of Seto's 
general procedure.^® A solution was prepared from 0.75 
ml of dry diethylmalonate and 15 ml of absolute ethanol.
To this solution was added 0.5 gram of sodium metal. After 
complete reaction of the sodium, the solvent was removed in 
a rotary evaporator to yield an amorphous orange residue.
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The residue was dried in a vacuum dessicator for 15 hours. 
The residue was dissolved in dry benzene which contained 
the minimal quantity of absolute ethanol necessary for 
complete dissolution. This mixture was added to a rapidly 
stirred solution of 0.5 gram of 3-benzoyl-2H-cyclohepta[b] 
furan-2-one in 15 ml of benzene. The reaction mixture was 
stirred at room temperature for 14 hours. The solvent was 
thoroughly removed under reduced pressure to yield 0.95 
gram of an orange-red residue. No attempt was made to 
purify this product.
ceding intermediate by means of the Nozoe procedure. A 
mixture of 0.95 gram of the residue containing 3-ethoxy- 
carbonyl-2-phenyl-azulene-l-carboxylic acid in 10 ml of 
100% phosphoric acid was heated in a boiling water bath 
for 2 hours. The mixture was diluted with water and ex­
tracted with three 50 ml portions of benzene. The benzene 
extract was dried over NajSO* and concentrated to 10 ml.
+ EtO
g) . 2-Phenylazulene
2-Phenylazulene was prepared from the pre-
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The concentrate was chromatographed on a 2.5 x 20 cm 
column of 80-325 mesh neutral alumina. A broad blue band 
was developed and eluted with benzene. The benzene was 
removed in a rotary evaporator to yield 0.11 gram of 
2-phenylazulene. The compound was further purified by 
chromatographing the product three times on columns of 
alumina similar to that described above. The solvent for 
these three chromatograms was a mixture of 4 0 volume percent 
CH2C12 and 60 volume percent petroleum ether. The uv- 
visible spectrum of this compound was consistent with the 
published spectrum.
The analytical sample used to obtain absorption and 
emission spectra in this work was vacuum sublimed prior to 
use. Only the middle fraction was retained for analysis.
8). 6-Phenylazulene
6-Phenylazulene was prepared by means of the 
following sequence of reactions.
a). 2-Butoxy-4-phenyl dihydropyran
2-Butoxy-4-phenyl dihydropyran was prepared
7 9by means of the procedure of Makin and co-workers. A 
solution was prepared from 39.6 grams of dry, freshly 
distilled cinnamaldehyde, 36 grams of butyl vinyl ether 
and 0.4 gram of hydroquinone. This mixture was placed in 
ampules and was degassed by three freeze-pump-thaw cycles. 
The ampules were sealed and were heated at 195° C for 24 
hours. The reaction mixture was fractionally distilled at 
0.5 mm to yield 57 grams of 2-butoxy-4-phenyl dihydropyran.
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The yield of this product is strongly dependent on 
the amount of water present in the reaction mixture.
Undried, vacuum distilled cinnamaldehyde yielded approxi­
mately 10-15% of stoichiometrical dihydropyran; NMR analy­
sis was used to approximate the yield. Thoroughly dried, 
degassed reactants yielded more than 90% of the stoichio­
metrical dihydropyran. NMR analysis of the products from 
the reaction with water indicated that BuOCH=CH2 underwent 
a high temperature side reaction with the water to form 
CH3CH(OBu)2.
b ). 5-Bromo-2,6-dibutoxy-4-phenyltetrahydropyran 
5-Bromo-2,6-dibutoxy-4-phenyltetrahydropyran
was prepared by means of the method of Makin and co-workers. 
A solution was prepared from 19 grams of 2-butoxy-4-phenyl 
dihydropyran and 50 ml of dry butanol. The stirred solu­
tion was chilled to and maintained at -5° C. Over a 
period of 15 minutes, 16.1 grams of N-bromosuccinimide 
were added to the solution. The reaction mixture was 
stirred at this temperature for one hour and was then 
stirred at room temperature for 14 hours. The mixture was 
fractionally distilled at 0.5 mm Hg to yield 26.7 grams of 
5-bromo-2,6-dibutoxy-4-phenyltetrahydropyran.
c). 2 , 6-Dibutoxy-4-phenyl-A*-dihydropyran
2,6-Dibutoxy-4-phenyl-A *-dihydropyran was 
prepared by means of the procedure of Makin and co-workers. 
A solution was prepared from 26.7 grams of 5-bromo-2,6-
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dibutoxy-4-phenyltetrahydropyran and 50 ml of dry butanol. 
To this mixture were added 10 grams of potassium hydroxide. 
The mixture was refluxed for 10 hours. After cooling, the 
mixture was filtered and then was fractionally distilled 
at 0.5 mm Hg to yield 15.2 grams of 2,6-dibutoxy-4-phenyl- 
A 3-dihydropyran.
An alternate procedure led to only minor reductions 
in yield. The reaction mixture from the bromination was 
filtered and KOH was added directly. Handling the reaction 
mixture by means of a procedure analogous to that described 
above led to 13.6 grams of the 2,6-dibutoxy-4-phenyl-A9- 
dihydropyran.
d). Methochloride of the monoanil of 3-phenyl- 
glutaconic dialdehyde
An attempt was made to use the procedure of
p oPorshnev and co-workers to prepare this intermediate.
The recommended procedure was followed; 14.4 grams of 
N-methy1aniline in 25 ml of water containing 2 ml of 
concentrated HC1 and 15.2 grams of 2,6-dibutoxy-4-phenyl- 
A ’-dihydropyran were well mixed and then were allowed to 
stand for 24 hours. At the end of this period, no crystals 
were observed. The aqueous solution was extracted with 
four 250 ml portions of CH2C12. The CH2C12 solution was 
dried over CaCl2, and then was concentrated to a resinous 
red-black mass. All efforts to obtain red crystals form 
this mass were unsuccessful. Infrared and NMR analysis
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failed to confirm the presence of the substance proposed 
by Porshnev.
i). A solution was prepared from 14.4 grams 
of N-methylaniline, 10 ml of concentrated hydrochloric acid 
and 10 ml of H20. To this mixture were added 15.2 grains 
of 2,6-dibutoxy-4-phenyl-A3-dihydropyran. This mixture 
also failed to yield a crystalline precipitate. The reac­
tion procedure yielded more of the red-black resin.
ii). A solution was prepared from 14.4 grams 
of N-methylaniline and 30 ml of concentrated HC1. To this 
mixture were added 15,2 grams of 2,6-dibutoxy-4-phenyl-A3- 
dihydropyran. No crystalline precipitate was observed after 
72 hours of refrigeration. The reaction procedure yielded 
more of the red-black resin.
e). Hydrochloride of 6-hydroxy-2-methylphenyl- 
amino-4-phenyl-A’-dihydropyran 
Red crystals that should result from the 
Porshnev procedure, were not obtained by following the 
preceding reaction sequence; hence, the following step 
was attempted with the red-black resin. A mixture of 6.5 
grams of the resin in 50 ml of absolute ethanol was re­
fluxed for 8 hours. The ethanol was distilled out of the 
mixture, and the residue was dissolved in a small quantity 
of boiling acetone. The acetone solution remained red- 
brown in color, and colorless crystals were not formed. 
Refrigeration of the acetone solution also failed to pro­
duce crystals.
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f). A sodium ethoxide solution was prepared 
from 0.50 gram of sodium and 15 ml of absolute ethanol. 
While the mixture was stirred and cooled, 1.4 grams of 
freshly distilled cyclopentadiene were added to the sodium 
ethoxide solution. This mixture was stirred for 5 minutes 
and a solution of 3.20 grams of the red resin in 15 ml of 
absolute ethanol was added in one portion. The reaction 
mixture was stirred for 30 minutes and then filtered. The 
dark brown powder obtained by Porshnev was not obtained in
this sequence. The ethanol was evaporated under reduced
pressure to yield a brown-black mass. The mass was parti­
ally dissolved in 5 ml of acetone, and 100 ml of petroleum
ether were added. The mixture was filtered to yield 2.4 
grams of a brown powder.
g). 6-Phenylazulene
The pyrolysis, at 350° C and 1 mm Hg, of 17 
grams of the brown powder obtained by the procedure des­
cribed above produced a clear blue liquid. The blue dis­
tillate from the pyrolysis was dissolved in ether and was 
washed three times with 100 ml of 5 percent hydrochloric 
acid. The ether solution was dried over Na2SO^. The solu­
tion was concentrated and then chromatographed on a 2.5 x 
20 cm column of 8 0-325 mesh neutral alumina. The blue 
eluent was collected and concentrated to give 0.18 gram of 
a blue residue. This residue did not solidify easily.
NMR analysis of the blue solid indicated that this residue
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was azulene, not the 6-phenyl derivative that was reported 
by Porshnev.
The failure of these procedures to produce 6-phenyl- 
azulene led to a thorough search of the literature for a 
more suitable method. The search did not reveal a more 
suitable method, but did reveal a second, more recent paper 
by Porshnev and co-workers. This paper describes the 
synthesis of 5-phenylazulene via a path very similar to 
that previously described for the synthesis of 6-phenyl- 
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Note that step four leads to different products in the 
two reactions. Neither of the Porshnev papers gives ade­
quate information for confirmation of either structure.
8 2Consideration of the Hafner azulene synthesis and of
83earlier work, of Zincke and Wurker suggests that neither 
reaction sequence is entirely correct. A reasonable 
sequence may be the following:
Bu A-PhNHCHiHCIPh~NI Cl 
CH







The red^black residue described in section d) above 
was vacuum dried for 48 hours. A solution was prepared 
from 10 grains of the residue and 75 ml of absolute ethanol.
55
To this mixture was added a solution of 2.3 grams of sodium 
in 100 ml of absolute ethanol. The reaction mixture was 
protected from moisture and was warmed in a water bath at 
€0° C for 30 minutes. The reaction mixture was cooled to 
room temperature and 2.4 grams of freshly distilled cyclo- 
pentadiene were added. The mixture was allowed to stand 
for 3 hours. The ethanol was then removed in a rotary 
evaporator. The residue was thoroughly mixed with a small 
quantity of triethanolamine. This mixture was vacuum dis­
tilled at 190° C and 0.5 mm Hg. The distillate was col­
lected and dissolved in petroleum ether. The solution was 
washed with three 200 ml portions of 5% hydrochloric acid. 
The solution was dried over Na2SOi, and was concentrated to 
50 ml. This solution was chromatographed on a 2.5 x 20 cm 
column of 80-325 mesh neutral alumina. The chromatogram 
was developed and eluted with 90 volume percent petroleum 
ether and 10 volume percent CH2C12. The solvent was removed 
and the residue was subjected to a second chromatograph.
The broad blue band was developed and eluted with the same 
petroleum ether CH2C12 solvent. The solvent was removed in 
a rotary evaporator and the residue was recrystallized 







The sample used in this work to obtain absorption and 
emission spectra was further purified by means of two vac­
uum sublimations. Only the middle fraction of the first 
sublimation was retained for subsequent purification.
8). l-Formyl-4,6,8-trimethylazulene
l-Formyl-4,6,8-trimethylazulene was prepared by 
means of the procedure of Triebs.®^ A solution was pre­
pared from 1.12 grams of 4,6,8-trimethylazulene, 1.40 grams 
of triethylorthoformate and 75 ml of dry petroleum ether.
To this solution were added 3.2 grams of boron trifluoride 
etherate. The reaction mixture was stirred for 4 hours.
The complex was decomposed by the addition of a mixture of 
ice and ammonium hydroxide. The resulting mixture was 
shaken in a separatory funnel and two layers were separated. 
The organic layer was dried over Na2SO* and was concentrated 
to 30 ml. The concentrate was chromatographed on a 2.5 x 
20 cm column of 80-325 mesh neutral alumina. The red-orange
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band was developed and eluted with 25 volume percent 
CH2C12 and 75 volume percent petroleum ether. The residue 
which resulted from removal of the solvent was subjected 
to a second chromatograph. The solvent was removed in a 
rotary evaporator and the residue was recrystallized from 
hexane to yield 0.33 gram of l-formyl-4,6,8-trimethyl­
azulene .
The sample used in this work to obtain absorption and 
emission spectra was vacuum sublimed twice. Only the 






1,3-Diacetyl-6-phenylazulene was prepared by 
means of the method of Anderson and co-workers for the 
synthesis of 1,3-diacetylazulene described in section 3). 
The reaction of 1.75 grams of 6-phenylazulene in 50 ml of 
petroleum ether with 15 ml of acetic anhydride and 10 ml 
of stannic chloride in 50 ml of petroleum produced 0.25 
gram of 1,3-diacetyl-6-phenylazulene.
The sample used in this work to obtain absorption and
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emission spectra was purified by means of two vacuum 
sublimations. The middle fraction of the first sublimation 
was retained for further purification.
B. Solvents
1). Ethyl Alcohol
For absorption measurements, absolute grade ethyl 
alcohol from U.S. Industrial Chemical Company was used 
without further purification.
2). 3-Methylpentane
Phillips pure grade 3-methylpentane (99 mole per­
cent minimum) was purified by the two methods outlined 
below.
a). 3-Methylpentane was purified by stirring 
portions of the hydrocarbon with 20% fuming sulfuric acid. 
It was then rinsed twice with distilled water, twice with 
a saturated solution of sodium carbonate, and again twice 
with distilled water. After it was predried 24 hours over 
anhydrous magnesium sulfate, the 3-methylpentane was per­
colated through a column of silica gel. The hydrocarbon 
was then distilled at a rate of approximately 1 ml per min­
ute through a column that is shown in Figure 1. No appre­
ciable absorption at energies less than 47,600 cm~1 and no 
appreciable emission were considered to be criteria suffi­
cient to guarantee an effective purity.





distillation. The first distillation was performed in a 
1 meter column of the Oldershaw sieve-plate design. This 
column contained 12 sieve plates in the upper part of the 
apparatus. Approximately 1.8 liters of pure grade 3-methyl- 
pentane was placed in an electrically heated 2 liter still 
pot. The temperature was adjusted until the hydrocarbon 
vapors just reached the column head. A distillation rate 
of 1 to 5 drops per minute was maintained until a total of 
350 ml had been distilled. At this point, samples for uv 
analysis were taken at intervals of 50 ml. This procedure 
was continued until the sample showed no absorption at 
energies less than 41,500 cm-1 and the absorbance at
45.4 50 cm-1 was less than 0.1. Ordinarily, these conditions 
were attained by the time that a total of 350-450 ml had 
distilled. Distillation was then increased to a rate of 
15-20 drops per minute until approximately 300 ml remained 
in the still pot.
The middle fraction distillate from the procedure 
described above was transferred to the 1 liter still pot 
of the column shown in Figure 1. The temperature of this 
system was adjusted and maintained in such a way that a 
distillation rate of 15-20 drops per minute could be 
attained. Samples for uv analysis were taken at intervals 
of 25 ml. The minimal requirements for solvent from this 
distillation were: 1) complete transparency of a 1 cm
sample to 4 3,000 cm-1, 2) absorbance less than 0.0 5 at
45.4 50 cm-1 and 3) absorbance less than 0.5 at 50,000 cm*1.
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Hydrocarbon solvent for emission measurements had to meet 
the additional requirement that no significant emission 
from it could be excited.
C. Spectroscopic Measurements
1). Visible and Ultraviolet Absorption Measurements 
The absorption spectra of the compounds studied 
were measured by the means of a Cary Model 14 Recording 
spectrophotometer. The wavelength measurements were good
Oto + 3 A when read from the wavelength indicator. The 
resolving power of the monochrometer is reported by the
Qmanufacturer to be 1 A throughout the range 190.0 to 1300.0 
nm.
Ambient temperature absorption spectra of compounds in 
absolute grade ethyl alcohol and in 3-methylpentane were 
determined. The temperature was not controlled; however, 
room temperature was approximately 25° C and was controlled 
by the room thermostat. Absorption spectra of some of 
these compounds in rigid glassy solution at 77 K were 
obtained. The solvent used for the 77 K measurements was
3-methylpentane. The 77 K technique was to suspend the 
long-stemmed absorption cell inside a liquid nitrogen 
dewar. Baseline drift caused by scattered radiation was 
minimized by placing a liquid nitrogen dewar and a sample 
cell containing 3-methylpentane in the reference beam. The 
Bample and the reference cells were allowed to stand in 
liquid nitrogen 15 minutes prior to measurement.
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2). Emission Measurements
All emission spectra were measured by means of 
the Wharton-Hughes spectrophotometer system that was 
designed by Dr. J. H. Wharton and built by Dr. E. Hughes.
It contains both excitation and emission monochromators 
and is capable of detecting low light intensities. The 
sensitivity limit of this system has not been determined 
on a quantitative basis; however, the system is capable of
recording emissions with quantum yields as low as 1 x 10” 6.
85— 87The system is described in detail elsewhere.
The two additions, a Nova 1200 minicomputer and a new 
light chopper blade, described by Davis®^ have since been 
lost. As a result, all the emission spectra reported 
herein are not corrected for photomultiplier response, 
variation in the intensity of the exciting source, nor 
for the characteristics of the excitation and the emission 
monochromator. In addition, a rotating dual blade phos- 




A. Experimental Evidence for the Formation of Azulene 
Dimers in Solution
In recent years the spectroscopic properties of azulene
and of some derivatives of azulene have been studied by
many investigators. The largest amount of work, by far,
has involved unsubstituted azulene. These investigations
have led to much controversy. Various theories have been
presented to explain the so-called anomalous luminescence
of azulene. The oldest and perhaps the most often invoked
theory is the "energy-gap" concept. This theory holds that
the anomalous emission of azulene is the result of the
large energy gap between the first and the second excited
singlet states. Others have argued that the ratio of the
energy gaps, E„ -E- /E_ -E_ , must be considered. Stills 2 s 1 s 1 s o
others have argued that the location of the triplet states 
of azulene must be considered. Other groups have added 
additional data to the enormous volume of literature on 
azulene. All these theories offer some rationalization 
of the phenomenon, yet no single one of them is capable 
of explaining all the photophysical properties of the 
azulenes.
This chapter is primarily a confirmation of some of 
the existing data on azulene. In some cases, however, the
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new data does not confirm previously published data. Most 
of the spectra recorded in this chapter have been published 
elsewhere, although in some of these cases the spectra are 
simply mentioned in the literature and the spectra are 
unavailable. In this respect many of the spectra recorded 
herein are recorded for the first time. In addition to the 
confirmation of existing data, some new data and new ideas 
are presented, and significantly, a number of theoretical 
calculations have been performed. Lastly, theoretical and 
experimental data are presented that suggest a stable, 
head-to-tail azulene dimer could exist.
The absorption and emission spectra of the hydrocarbon 
derivatives of azulene are reproduced in Figures 2-15. All 
the absorption spectra were those of solutions of the 
azulene in 3-methylpentane, except in the case of 4,6,8- 
trimethylazulene in which the absorption spectra of the 
compound in both 3-methylpentane and ethanol solutions are 
exhibited. The emission spectra of azulene and 4,6,8- 
trimethylazulene were those of these compounds in 3-methyl­
pentane. The emission spectra of the three phenyl deriva­
tives of azulene were those of solutions of these compounds 
in absolute ethanol. The absorption spectra were those of 
solutions at ambient temperature. The emission spectra 
were those of solutions at 77 K, except in the case of
1,2,3-triphenylazulene. The spectrum of this compound was 
that of a room temperature solution. Some of the absorption 
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structure may be readily observed.
At least five electronic transitions are observed in 
the absorption spectrum of azulene. All of these have 
been previously assigned by Pariser®® on the basis of 
theoretical calculations. These assignments are tabulated 
in Table 1. Pariser assigned the small peak at 296 nm in 
the absorption spectrum, Figure 3, to be a separate transi­
tion on the basis of these calculations. Robertson and 
King®^ have experimentally verified that this peak is not 
part of the intense *Aj transition located at slightly 
higher energy and must, therefore, be a separate electronic 
trans ition.
In the present investigations of azulene, several 
rather unusual phenomena have been observed. The absorp­
tion spectrum of azulene in the wavelength region between 
400 and 700 nm undergoes appreciable though subtle changes 
as a function of concentration, temperature or viscosity 
of the solvent. The vibrational band near 580 nm is 
normally the most intense member of the Si +- S0 transition. 
As the temperature of the sample is decreased, the vibra­
tional bands at 631 and 698 nm increase with respect to 
other parts of the spectrum. At 77 K, the 631 nm band is 
the most intense band in the S! «- S0 transition. The iden­
tical effect is observed when the concentration is increased 
and when a solvent that has substantially greater viscosity 
is used. The room temperature spectrum of azulene dissolved 
in Nujol, a heavy mineral oil, has been recorded. The 6 31
80
TABLE 1
Calculated Transition Energies and Oscillator 
Strengths of Azulene
Energy_______ Wavelength
State ev cm” 1 nm f
'A, 0 0 0
'Bj 1. 732 13972 716 0.017
'A, 3.084 24879 402 0.002
'Bj 4.112 33172 301 0.116
’ Ai 4.692 37850 264 1. 243
’Bi 5.604 45207 221 0. 365
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and 698 nm vibrational bands in this spectrum have 
increased in magnitude relative to other parts of the 
spectrum. These viscosity dependent changes are much 
smaller than those produced by cooling a sample to 77 K.
The effects of changing the temperature and the viscosity 
of the solvent are shown in the three spectra reproduced 
in Figure 16. Similar effects may be detected in the 200 
to 360 nm region of the spectrum of azulene. These effects 
are much more difficult to observe in the absorption spec­
trum since azulene is a strong absorber in the ultraviolet 
region. It appears that if the changes in the entire 
absorption spectrum that occur as a function of temperature 
were observed, then as the temperature decreased the ultra­
violet portion of the spectrum would decrease in intensity 
and the visible portion of the spectrum, notably the 6 31 and 
698 nm bands would increase in intensity. It is, however, 
difficult to observe the entire spectrum of azulene at a 
particular concentration. The relative magnitudes of the 
absorptivities of the various absorption bands vary consid­
erably; consequently if the concentration is adjusted so 
that the ultraviolet portion of the spectrum is observable, 
the visible portion of the spectrum is no longer observable. 
It was, therefore, necessary to divide the experiment into 
two or three parts. The magnitude of the spectral changes 
in the ultraviolet portion of the absorption spectrum is 
much smaller than that in the visible region. This result, 
of course, is due entirely to the greatly reduced concen-
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Figure 16
Temperature and Viscosity Effects on the 
®i Transition of Azulene
2.51 x 10“ s M Azulene in 3-MP(2cm cell), RT
2.51 x 10“ 3 M Azulene in 3-MP(l cm cell), 77 K. 
This concentration is the room temperature concen­
tration and does not allow for contraction of the 
solvent.




tration of azulene that is necessary for absorption measure­
ments in the ultraviolet region.
The difficulty associated with observing these ultra­
violet spectral changes was overcome through the use of the 
excitation spectra. Under ideal conditions, the excitation 
spectrum should be an exact duplicate of the absorption 
spectrum. Conditions are normally not ideal and differences 
between the two are commonly observed. This technique is 
particularly suited for the present purpose since that 
purpose is to observe concentration dependent spectral 
changes. These spectral changes are shown in Figure 17.
It might be argued that the spectral changes observed 
in Figure 17 are due to concentration quenching, the inner 
filter effect, or a change in the effective solid angle 
viewed by the photodetector. The experimental conditions 
for all these experiments were ones that should minimize 
these effects. For example, the highest concentration of 
azulene in the samples was 2.40 x 10“ 3 molar. In addition, 
small diameter tubes, 3 to 4 mm, were used to contain the 
samples. At 340 nm, the position of maximum absorbance of 
the S2 «- S c transition, the light beam completely pene­
trated the sample at all the concentrations employed. 
Apparently, inner filter effects were negligible in these 
experiments since there were no changes in the fluorescence 
spectra. If inner filter effects were important, major 
fluorescence spectral changes would be expected in the
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Figure 17
Concentration Dependent Effects on the 
Fluorescence Excitation Spectrum 
of Azulene
-------------  2 . 4 0  x 1 0 “ 3 M
------------- 6 . 0 0  x 1 0 " “ M
..............  1 . 8 0  x 1 0 “ 5 M
-------------  5 . 0 0  x 1 0 “ 6 M
Fluorescence Excitation
FIGURE 17




region of the 0-0 band of the S2 +■ So and the S2 -► S0 
transitions since it is here that the two spectra overlap. 
These concentration dependent effects were observed when 
the samples were contained in 3 to 5 mm tubes, 1 cm absorp­
tion cuvettes and in 1 mm absorption cuvettes. These 
results indicate that the effective solid angle viewed by 
the photodetector must be the same in all cases or that 
the effective solid angle made no difference.
These fluorescence excitation effects are, thus, 
presumed to result from the same mechanism that produced 
the absorption spectral changes described previously.
These spectral changes must be due to some physical property 
of the azulene molecule or group of azulene molecules. 
Considerable effort has been expended in attempts to deter­
mine an equilibrium constant for the dimerization of azu­
lene. To date all these efforts have failed.
Solutions of dimers of the molecules of any compound 
should have spectra different from those of solutions of 
monomer molecules. When absorptions of a number of samples 
of different molar concentration but equal optical path- 
lengths are measured the process of dimerization may be 
identified by one or more isosbestic points. In other 
words, the dimer should possess one or more absorption 
bands that are different from those of the individual mole­
cule. This technique was repeatedly used to study solutions 
of azulene. No well-defined isosbestic points were found 
although small but reproducible changes were noted. The
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absence of isosbestic points in such an absorption spectral 
study does not necessarily rule out the existence of 
dimers in solutions of azulene; there could be an extra­
ordinarily large equilibrium constant for dimerization.
If the equilibrium constant were very large isosbestic 
points might not be observable because a nonobservable 
quality of monomer might be produced by reasonable dilution.
It was stated earlier that the experimentally observed 
spectral changes suggested that an increase in the inten­
sity of the Sx t- S0 transition, at the expense of intensity 
losses in the ultraviolet region of the spectrum, occurred 
as a result of cooling a sample, of increasing the concen­
tration of the sample, or increasing the viscosity of the 
solvent. It is expected that these changes would increase 
the fraction of dimers. If the process of dimerization 
manifested itself in this manner in the case of azulene, 
then the determination of isosbestic points would be very 
difficult. Accurate determination of these points might be 
possible if the entire spectrum could be recorded with the 
use of a single sample of sufficient concentration or if 
the lowest energy absorption band could be studied as a 
function of temperature. The latter possibility assumes 
that at least part of the normal absorption band is due 
almost exclusively to absorptions of the dimer so that 
isosbestic points might be seen. In such a temperature 
study, accurate correction of the absorption spectrum for
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concentration variance due to solvent contraction at each 
temperature must be made. Neither of these possibilities 
have been explored in this work or elsewhere. The presence 
of dimers in solutions of azulene can, therefore, only be 
suggested as a theory. Definite proof of their existence 
cannot be offered at this time.
Additional evidence for the existence of azulene dimers 
is found in Figure 18. This figure represents the ultra­
violet absorptions of azulene in the gas phase and in 3- 
methylpentane solution at 77 K. A comparison of the two 
absorption spectra suggests several items of interest.
First, the assignment, by Pariser and by Robertson and 
King, of the 296 nm peak in the solution spectrum as a 
separate transition is confirmed. The wavelength shift 
of this band in the solution spectrum as compared with the 
gas phase spectrum is indeed much less than that of the 
higher energy transition. Second, it is apparent that some 
of the vibrational bands, notably those marked with an 
arrow in Figure 17, of the S 2 «- S 0 absorption band are much 
less intense, relative to other members of the band, in the 
gas phase than in the solution spectra. This result would 
appear to be at odds with the contention that dimerization 
reduces the overall intensity of these bands. It must be 
remembered, however, that the present comparison is based 
on the relative magnitudes of the vibrational bands within 
one absorption band. The overall intensities of the two
90
Figure 18 
Comparison of the Solution and Gas 
Phase Spectra of Azulene
Solution spectrum, 77 K
Gas Phase spectrum
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spectra cannot be compared because the concentration of 
azulene in the gas phase sample is not known. Third, the 
position of the a- s0 transition in the solution spectrum 
relative to that in the gas phase indicates a very substan­
tial red shift. This red-shift of the a- So transition 
is at least twice as large as the shift of any other trans­
ition in the spectrum of azulene.
The considerable reduction in the relative intensity 
of those bands marked by an arrow in Figure 18 might be 
explained in terms of dimer absorption; this observation, 
of course, does not constitute proof of the existence of 
azulene dimers; it only lends more credibility to this 
contention. If this intensity reduction is due to a reduc­
tion in the amount of azulene dimers present in a given 
sample, then the continued presence of these bands in the 
gas phase spectrum suggests that both the dimer and the 
monomer have vibrational bands at those wavelengths or that 
some dimers are present in the gas phase. The longest 
wavelength band marked with an arrow in Figure 18 does 
further decrease in intensity, relative to other parts 
of the spectrum, as the temperature of the gas phase sample 
is increased.
In addition to the experimental data which suggests 
that a stable azulene dimer might explain some of the spec­
tral oddities of azulene, CNDO/S calculations also suggest 
this possibility. These calculations have been carried out
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on a stacked, head-to-tail dimer in which the two azulene
Omolecules are separated by 3.50, 3.35 and 3.20 A. The 
model chosen for this work consists of placing the two 
azulene molecules in the anti-configuration and maximizing 
the carbon-carbon separations in the opposing molecules.
This model is consistent with the accepted crystalline 
structure of azulene. The configuration interaction 
coefficients, oscillator strengths and transition wave­
lengths for the three intermolecular separations are pre­
sented in Tables 2, 3, and 4. The molecular orbitals 
involved in these transitions are identical with those of 
azulene, Figure 19, except that the orbital coefficients 
are somewhat smaller. Each of the occupied and unoccupied 
orbitals of azulene occurs in pairs in the dimer. As a 
result of this orbital pairing, there exist four transitions 
for each of the transitions of azulene. Those transitions 
that have oscillator strengths greater than 0.001 are 
included in Tables 2, 3, and 4.
The calculations indicate that as the distance between 
the azulene molecules decreases, the position of the long 
wavelength transition shifts to lower energy. As the mole­
cules approach each other the second electronic transition 
is split first into three, then four active branches. These 
branches bracket the experimental absorption band corres­
ponding to S2 «- S,. The third electronic transition is 
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Configuration Interaction Coefficients, Oscillator Strengths and 
Transition Wavelengths of the Azulene Diner at 3.35 A
1 2  3 4 5 6 7 8
0.94 0.27 0.13
0.79 0.64 0.92 0.36 0.55 0.12
0.05 0.14 0.38
0.05 0.14 0.13 0.52
0-90 0.30
0.60 0.77 0.40 0.93 0.80 0.17
0.30 0.92 0.96 0.19
0.06 0.20 0.08
0.24 0.19 0.73
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Configuration interaction Coefficients, Oscillator Strengths and
O
Transition Wavelengths of the Azulene Dimer at 3.20 A
1 2 3_   J _ _  5 6 7
0.26 0.14 0.07
0.52 0.10
0.19 0.17 0.96 0.41
0.95
0.79 0.93 0.93 0.45 0.06 0.L4
0.05
0.06 0.13 0.15 0.12 0.51
0.61 0.37 0.36 0.68 0.79 0.13
0.30 0.92 0.93 0.09 0.22
0.06
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other. The energies of both of these branches are higher 
than the experimental values.
B. Experimental and Theoretical Studies of Other Azulene
Compounds
1. Hydrocarbon Derivatives
The absorption and emission spectra of the hydro­
carbon derivatives of azulene have been included for the 
sake of completeness. The absorption spectra of these 
derivatives have been previously published. Those spectra 
presented herein are at least as well resolved and, in many 
cases, better resolved than those currently available in 
the literature. The emission spectra of these derivatives, 
except that of 6-phenylazulene, have also been published 
previously. The "anomalous" nature of the fluorescence of 
these derivatives is confirmed. Although fluorescence 
quantum yields were not measured as part of this work, 
qualitative results indicate that azulene is a stronger 
emitter than the other hydrocarbon derivatives.
Theoretical calculations have been performed for 
azulene, 6-phenylazulene and 2-phenylazulene. The config­
uration interaction coefficients, oscillator strengths, and 
transition wavelengths of the several lowest energy singlet- 
singlet transitions are tabulated in Tables 5, 6, and 7.
The molecular orbitals involved in these transitions are 
presented in Figures 19, 20, and 21. The calculated data
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TABLE 5
Configuration Interaction Coefficients, Oscillator 
Strengths and Transition Wavelengths of Azulene
25 + 24 0.95 0.25 0.07 0.14
26 24 0 . 82 0. 57
27 «- 24 0.06 0.81 0.25
28 «- 24 0.05 0.19 0.23 0.60
29 + 24 0.89
25 •*- 23 0.57 0.81
26 «- 23 0.29 0.90 0.31
27 + 23 0. 24
28 + 23 0.08 0.11
29 + 23 0.05 0.05 0.16
25 + 22 0.29 0.40 0.66
26+22  0.13 0.35
25 + 19 0.09
26 + 19 0.21 0.05
\  536 351 285 254 222 207 190
f .009 .032 .138 .984 .003 .012 .607
TABLE 6
Configuration Interaction Coefficients, Oscillator Strengths and 
Transition Wavelengths of 6-Phenylazulene
2 3 4 5 6 7 8 9  10 11
39 «- 38 0.93 0.26 0.22
40 38 0,74 0.61 0.05 0.07
41 «- 38 0.20 0.995
42 38 0.06 0.92 0.13 0.19
43 «- 38 0.05 0.26 0.67
44 «- 38 0.15 0.11 0. 50
45 +■ 38 0.19 0.65 0.60
39 <- 37 0,66 0.73
40 «- 37 0.28 0.91 0.09
41 - 37 0.10 0.58
42 -f 37 0.10 0.11 0.90 0.07 0.18
43 «- 37 0.08 0.16 0.11 0.12
39 «- 36 0.06 0.76
40 +■ 36 0.07 0.67 0.73
41 «- 36 0.05 0.21 0.15 0.15
42 «■ 36 0.12
39 «- 35 0.09 0.25 0.06 0.24 0.15
40 35 0.05 0.09 0.06 0.06 0.43
41 «- 35 0.05 0.16
39 + 34 0.24 0.12 0.13 0.28
40 +■ 34 0.10 0.13 0.26 0.18
X 546 338 295 285 245 243 224 222 213 206 205
f .009 3x10"s .126 1.17 3x10"* .003 , 065 .123 .001 .033 .013
TABLE 7
Configuration Interaction Coefficients, Oscillator Strengths and 
Transition Wavelengths of 2-Phenylazulene
1 2 3 4 5 6 7 8 9 10 11 12 13
39 «- 38 0.94 0.26 0.70 0.11 0.12
40 «- 38 0.71 0.19 0.05
41 «- 38 0.998 0.15
42 <- 38 0.09 0.16 0.93 0.11 0.22
43 «- 38 0.08 0.16 0.62
44 «* 38 0.16 0.16 0.09
45 «- 38 0.12 0.92
39 * 37 0.69 0.66 0.14 0.06
40 + 37 0.28 0.90 0.10 0.19
41 «■ 37 0.66 0.08 0.52
42 <- 37 0,26 0.14 0.92 0.13 0.12
43 «- 37 0.06 0.12
45 «* 37 0.05 0.11 0.33
39 «* 36 0.43 0.08 0.84 0.05
40 «• 36 0.49 0.87
41 «- 36 0.06 0.23 0.32 0.20
42 4- 36 0.51 0.08
39 <- 35 0.11 0.07 0.77 0.44
40 «- 35 0.11 0.15 0.08 0. 36
41 + 35 0.34 0.05
39 «- 33 0.22 0.17 0.06 0.51
40 «- 33 0.06 0.05 0.19 0.10 0.35
X 542 365 300 281 277 248 239 230 224 210 209 208 205
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for azulene are in fair agreement with the results of 
previous calculations. The calculated transition energies 
are, however, somewhat higher than the experimental ener­
gies of azulene in 3-methylpentane solutions. The theo­
retical and experimental results are compared in Table 8. 
The calculated energies are higher than the experimental 
energies in all cases except one. The calculated energy 
of the S2 «- S 0 transition is lower than the experimental 
gas phase transition energy.
2. Dihalo and Carbonyl Derivatives
In addition to the hydrocarbon derivatives of 
azulene, two other groups of derivatives have been studied. 
The first group consists of 1,3-dichloro- and 1,3-dibromo- 
azulene. The second group consists of 1,3-diacetyl-,
1,3-diacetyl-6-phenyl-, 1-benzoyl- and 1,3-dibenzoylazulene 
and 1-formyl- and 1,3-diacetyl-4,6,8-trimethylazulene. The 
spectra of these derivatives are reproduced in Figures 22- 
33. Once again, a number of these spectra have been pre­
viously published. The spectra of 1,3-diacetyl-6-phenyl- 
azulene, 1-benzoyl- and 1,3-dibenzoylazulene are, however, 
presented for the first time.
The effect of chloro-substitution at positions one and 
three is to shift both the Sj «- S 0 and the S2 ■*- S 0 transi­
tions of azulene to lower energy. The positions of the 
zero-zero bands of these transitions are estimated to be 
at 12,755 and 26,667 cm"1, respectively, for a 3-methyl- 
pentane solution. These results should be compared with
TABLE 8
Comparison of Experimental and Theoretical Transition Energies of Azulene
Calculated* Experimental
Transition E (cm-1) f E (cm-1) f E (cm-1) f E (cm-1) E (cm-1)
1 13972 0.017 14440 0.009 18657 0.009 14265 14347
2 24879 0.002 28235 0.08 28490 0.032 28736 28329
3 33172 0.116 32671 (?) ? 35088 0.138 34072 33784
4 37850 1.243 36463 1.10 39370 0.984 38023 36969
5 45207 0.365 42272 0.38 45045 0.003 42194 42105
6 48354 0.003 51790 0.65 48309 0.012
7 49943 0.014 52632 0.607
These results were obtained by Pariser from Huckel MO calculations with interaction 
of all singly excited configurations.
^Published data of Pariser. The experimental spectrum is based on Mann, Platt and 
Elevens;the zero-zero band is estimated for the two lowest excited states, and 
the other bands are listed according to maximum absorption.
cResults of the present CNDO/S calculations.
^These results are taken from gas phase absorption spectra obtained in these laboratories. 
The zero-zero band is estimated for the three lowest excited states, and the other two 
bands are listed according to maximum absorption.
eThese results are taken from solution absorption spectra obtained in these laboratories. 
The zero-zero band is estimated for the three lowest excited states,and the other two 
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14,347 and 28,329 cm-1 for the similar bands of azulene
in 3-methylpentane. Therefore, the energy gaps, AE_ _ ,2— 1
differ by only 70 cm-1. The fluorescence quantum yield 
of 1,3—dichloroazulene has been measured to be 0.058 by
Q 1Murata and co-workers, A These same authors report the
quantum yield of S2 ^ SQ fluorescence of azulene to be
0.031. The fact that the di-chloro- derivative is a
stronger emitter than azulene has been qualitatively
confirmed in this work; but, the relationship between the
AES _s energy gap and the fluorescence quantum yield has
not been established. The effect of bromo-substitution
is similar to that of chloro-substitution; but, in this
case the fluorescence quantum yield is somewhat lower than
that of azulene.
Triplet emissions from the di-halo-derivatives were
not observed in this work. At 77 K in carefully de-oxygen
ated heavy-atom solvents, both these derivatives failed to
yield any emission other than the S2 -*■ SQ fluorescence.
This study excluded the wavelength region beyond 84 0 nm,
the detection limit of the present experimental apparatus.
g 2It has been reported by Drent and co-workers that the 
heavy-atom solvent CCl^ quenches the S2 -* S Q fluorescence 
of azulene. In this study, it has been observed that the 
fluorescences of azulene, 1,3-dichloroazulene and 1,3- 
dibromoazulene are effectively quenched, at room tempera­
ture, by CCln dissolved in 3-methylpentane. At 77 K, how­
ever, the presence of CCli, in 3-methylpentane solutions of
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the azulenes has no effect on the S, *+■ S„ fluorescence.* 0
It is concluded on this basis that collisional deactiva­
tion , not a heavy-atom enhancement of intersystem crossing, 
by CC1^ in room temperature samples accounts for the 
observed decrease in fluorescence yield.
The effect of a carbonyl substituent at the one and/or 
three position of azulene is to increase the energy of the 
S; +■ S0 transition and to decrease the energy of the S2 «- SQ
transition. The energy gap, AE^ „ , is thereby reduced
S 2 " S 1
considerably. According to the "energy-gap" contention, 
this reduction should decrease the yield of Sz -► S0 fluores­
cence. The six carbonyl derivatives in this study were 
included to test this "energy-gap" law. Unfortunately, 
only one of these derivatives was found to have measurable 
emission.
For 1,3-diacetylazulene, the positions of the zero- 
zero bands of the Sj +- S 0 and S2 ■«- S Q transitions in 
3-methylpentane solution are estimated to be located at 
16,502 and 24,690 cm-1, respectively. The energy gap is 
then reduced to only 8,189 cm-1 . This gap is reduced even 
further when the 1,3-diacetylazulene is dissolved in abso-
Q 3lute ethanol. Leermakers and co-workers have reported 
that this derivative has an S2 -*■ S0 fluorescence that has 
a quantum yield one-tenth that of azulene. In the present 
study, no emission has been observed from solutions of 
this compound.
1 2 0
Leermakers and co-workers have also reported an 
S2 so fluorescence of 1,3-diacetyl-4,6,8-trimethyl- 
azulene. The yield of this emission is reported to be 
one-fifth that of azulene. In the present work, no emis­
sion was observed from solutions of this compound. The 
energy gap of this compound in ethanolic solution is esti­
mated to be 6,862 cm"1.
Q 4Kroning and Glandien have reported -► S0 fluores­
cence for l-formyl-4,6,8-trimethylazulene. The reported 
quantum yield is 1 x 10”6. In this case, the energy gap 
of this derivative is estimated to be 8,740 cm"1 for a 
3-methylpentane solution and 8,333 cm"1 for an ethanolic 
solution. This fluorescence is confirmed in the present 
work. The emission reproduced in Figure 32 is somewhat 
different from that reported by Kroning and Glandien. The 
emission reported by these authors did not show the peak 
at 580 nm. The present emission is that of a solution that 
had been cooled to 77 K, while the previously reported 
emission was that of a room temperature sample. Kroning 
and Glandien reported that the intensity of the luminescence 
of this derivative was very sensitive to changes in temper­
ature. The intensity is reported to increase by a factor 
of about 13 upon cooling the sample to 77 K and by a factor 
of about 40 upon cooling the sample to 25 K.
When these facts are taken into consideration, it must 
be concluded that the detection equipment used in these
1 2 1
present experiments is capable of detecting emissions from 
compounds that have quantum yields as small as ^10-5. On 
this basis, the failure to detect the fluorescence of
1.3-diacetylazulene and 1,3-diacetyl-4,6,8-trimethyl- 
azulene reported by Leermakers and co-workers cannot be 
explained since the reported quantum yields were at least 
two orders of magnitude larger than the proposed detection 
limit.
Theoretical calculations have also been performed for
1.3-diacetylazulene and 1-benzoylazulene. The configuration 
interaction coefficients, oscillator strengths, and transi­
tion wavelengths of the several lowest energy singlet- 
singlet transitions are tabulated in Tables 9 and 10. The 
molecular orbitals involved in these transitions are pre­
sented in Figures 3 4 and 35. These CNDO/S results are in 
fair agreement with the available experimental results, 
except for the energies of the IT* ■*- n transitions.
Davis and others have found that the CNDO/S method 
consistently predicts II* •*- n transitions at energies much 
lower than the experimental values. For carbonyl deriva­
tives of benzene and naphthalene, as well as 3-diketones, 
a correction of +11,500 cm"1 brings the predicted energies 
in line with experiment. It is also found that the lowest 
II* «- II transitions of these carbonyl derivatives is pre­
dicted to occur at energies much higher than the experi­
mental values.
TABLE 9
Configuration Interaction Coefficients, Oscillator Strengths and 
Transition Wavelengths of 1,3-Diacetylazulene
1 2 3 4 5 6 7 8 9 10 11
41 «- 40 0.94 0.30 0.12 0.13
42 «■ 40 0.89 0.41 0.07
43 «- 40 0.19 0.96 0.14
44 «- 40 0.24 0.71 0.34
45 «- 40 0.08 0.10 0.32
46 * 40 0.28 0.06
47 4- 40 0.09 0.14
41 + 39 0.45 0.85 0.15 0.11
42 * 39 0.33 0.88 0.13 0.27
43 4- 39 0.16 0.47 0.83
44 + 39 0.42
41 «- 38 0.19
42 4- 38 0.06 0.69 0.05
43 4- 38 0.6044 4- 38 0.41 0.1241 4- 37 0.14 0.92
42 4- 37 0.67 0.06
43 4- 37 0.58 0.07
44 4* 37 0.37
41 4- 36 0.28 0.24 0.77
42 4- 36 0.17 0.38 0.41
41 4- 35 0.13
X 475 347 346 337 294 286 269 248 215 203 202
f .010 .068 0 0 0 ,135 .656 .207 .019 .121 .524
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TABLE 10
Configuration Interaction Coefficients, Oscillator Strengths and 
Transition Wavelengths of 1-Benzoylazulene
1 2 3 4 5 6 7 8 9 10
44 + 43 0.95 0.27 0.05
45 + 43 0. 88 0.32 0.32
46 + 43 0. u 0.63 0.65 0.17 0.24
47 + 43 0.12 0.11 0.19 0.12 0.96
48 + 43 0.11 0.25 0.12 0.11
49 + 43 0.10 0.10
50 + 43 0.10 0.08
44 + 42 0.47 0.12 0.59 0.62 0.05
45 + 42 0.30 0.06 0.88 0.17 0.06
46 - 42 0.05 0.05 0.09 0.12 0.26
47 + 42 0.12 0.08
44 + 41 0. 34 0.91
45 + 41 0.69 0.28
46 + 41 0.51 0.20
47 +  41 0.11
48 + 41 0.34
44 + 40 0.10 0.25
45 + 40 0.23 0. 31
46 + 40 0.55 0.30
47 + 40 0.41 0.17 0.08
44 - 39 0.05 0.06 0.51
45 + 39 0.06 0.16 0.08 0.45 0.07
46 + 39 0.08 0.06 0.43 0.31 0.08
47 + 39 0.06 0.47 0.13 0.15
44 «- 38 0.11
45 * 3B 0.16 0.07
46 + 38 0.08 0.09
47 «- 38 0.26 0.10 0.11
X 506 356 355 293 288 277 268 248 227 227











In contrast to these predictors, the CNDO/S method 
predicts It* n transitions of 1,3-diacetyl- and 1-benzoyl- 
azulene at much higher energies than those determined 
experimentally. The lowest energy absorption band of these 
derivatives exhibits the characteristic blue shift as the 
solvent is changed from non-polar to polar. On the other 
hand, the lowest energy n* ■+■ II transition is predicted to 
occur in the proper wavelength region. At present, an 
explanation of this theoretical "anomalous" behavior is 
not possible.
The theoretical and experimental data presented in 
this chapter confirm the anomalous emission behavior of 
the hydrocarbon derivatives of azulene. These derivatives 
are qualitatively found to comply with the "energy-gap" 
principle. The dihalo- and carbonyl-derivatives do not 
comply with this principle. It is thus concluded that this 
explanation of the emissions of azulene derivatives is not 
a reasonable one, at least not for the carbonyl derivatives.
The CNDO/S method has been shown to give unreasonable 
It* •*- n transition energies for 1-benzoyl- and 1,3-diacetyl­
azulene. At this time, no explanation is available for 
this theoretical "anomalous" behavior. The CNDO/S method 
has been found to give reasonable It* II transition energies 
for all the azulenes studied.
Finally, evidence has been presented that suggests a 
stable azulene dimer might be responsible for some of the
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spectral oddities of this compound. The experimental and 
theoretical data presented herein do not conclusively prove 
the existence of dimers. The evidence merely suggests 
that such a possibility is reasonable and that this possi­
bility should be explored further.
CHAPTER FOUR
Azulenium Cations 
A. Cations Derived from Hydrocarbon Derivatives of Azulene
1. Introduction and Literature Survey
The purpose of this chapter is to report the 
results of the investigation of the emissive properties 
of the cations of the azulene derivatives discussed in 
Chapter One of this work. A large amount of work is 
suggested by the information, or the lack of it, in the 
literature survey which follows. The emissive properties 
of the cations of azulene derivatives have not been 
studied systematically. The phosphorescences of azulenium 
cations has not yet been reported. A systematic investi­
gation of these properties should provide a firmer under­
standing of the electronic properties of the cations, and 
that understanding would provide a better understanding of 
the properties of the corresponding free molecules if a 
correspondence were established between the properties of 
the free molecule and those of the cation. Perhaps such 
a study would provide more information about the nature of 
the lowest excited singlet state of azulene and some 
insight into the explanation of the fluorescence of the 
azulene molecule from its second excited singlet state.
In this chapter, a systematic investigation of both 
the absorptive and emissive properties of a wide range of
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azulenium cations is reported. In particular, emission 
experiments with solutions at room and at liquid nitrogen 
temperatures have been performed. The phosphorescences of 
several azulenium cations are reported. These new emis­
sions, including those which originate from a triplet 
level, are interpreted in terms of a model for the emitting 
cations which closely resembles that for the uncharged 
free parent compounds.
To the extent permitted by the sensitivity limits of 
the nuclear magnetic resonance experiment, the structure 
of the ground state cation of azulene in strongly acid 
medium is firmly established, F rey^ in 1956 first 
attempted to use NMR to determine the structure of the 
azulenium cation. The limited resolution of the spectro­
meter prohibited the determination of the site of protona­
tion, but a comparison of the spectra obtained from 
samples dissolved in concentrated H2SOi, and in concentrated 
D 2SO,, did suggest that two protons exchanged. Danyluk and 
Schneider^ studied azulene dissolved in trifluoroacetic 
acid, and, on the basis of a comparison of the NMR signals 
of azulene in this solvent and in carbon tetrachloride, 
concluded that the site of protonation was position one.
The chemical shifts of protons two and three were shown to 
be only slightly altered by the protonation. On the other 
hand, the signals due to the protons of the seven-membered 
ring were appreciably altered. These signals tended to be
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more nearly equivalent and were shifted to lower field 
relative to their position for the molecules in carbon 
tetrachloride solutions. The authors concluded that the 
electron deficiency was mainly localized in the seven- 
membered ring and was shared almost equally throughout the 
ring. The same authors, in a later paper,®® confirmed 
their previous conclusions by means of an NMR study of 
azulene, guaiazulene, and 4,6,8-trimethylazulene in both 
trifluoroacetic acid and methylene chloride. The addition 
of oxygen to solutions of azulene in trifluoroacetic acid 
was reported to cause significant changes in the NMR 
spectrum. This same procedure led to the appearance of 
an electron spin resonance signal. The ESR signal was 
found to increase with an increase in oxygen content; 
degassing equilibrated solutions led to the disappearance 
of the signal. It was suggested that the ESR signal could 
be attributed to the formation of monopositive ions,
[Ci0H b]+ , in addition to the protonated species, [CioHj]4 . 
It was proposed that the [Cl0He]+ species was formed by 
the transfer of an electron from azulene to oxygen to form 
02“ . A rapid exchange reaction between the monopositive 
ion and the free hydrocarbon was said to be indicated by 
the width of the ESR absorption band and the lack of hyper- 
fine splitting.
Comprehensive NMR studies by Heilbronner and co­
workers®® have reconfirmed the protonation site on azulene,
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the five isomeric monomethylazulenes, 4,7-dimethyl-, 
quai-, 4,6,8-trimethyl-, 4,8-dimethyl-6-methoxy-,
4,8-dimethyl-6-phenyl-, and 4-methyl-6,8-diphenylazulene 
to be the one position or the equivalent three position 
of those azulene derivatives that have C2v symmetry.
Those azulenium cations derived from azulene derivatives 
that do not have C 2v symmetry were found to exist in a 
tautomeric equilibrium of two conjugate acids. This result 
had previously been predicted after observation of the uv 
absorption spectra and rationalization on the basis of a 
molecular orbital treatment.^®
It is concluded that those pure hydrocarbon azulene 
derivatives that have C 2v symmetry protonate at the one- 
or the equivalent three-position in strongly acid media.
However, should the azulene derivative not have C 2v 
symmetry, Ri ^ Rs and/or Ri* ^ R* and/or Rs / R7» then two 
tautomeric conjugate acids are possible. In addition,
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there is some evidence to support the contention that a 
third species, the radical cation, may be formed in those 
strongly acid solutions containing oxygen. It is apparent
that the argument of Heilbronner and co-workers is also 
applicable here; more than one radical cation can be 
formed from those azulene derivatives that do not have 
C 2v symmetry, and several radical cations might be possible 
if the structure is appropriate. Little is known about the 
nature of the structure of the azulene radical cation.
Schulze and Long^®^ have studied a series of fifteen 
azulenes, thirteen of which were substituted in the one- 
position. By means of the ultraviolet absorption and NMR 
spectra it was shown that the protonation occurs at the 
one- or equivalent three-position in azulene and 4,6,8- 
trimethylazulene. In a like manner, it was shown that 
protonation occurs at the unoccupied three position in
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1-methyl-, 1-chloro-, 1-cyano- , 1- (j>-dimethyl ami no benzyl) - , 
l-cyano-4,6,8-trimethyl- and guaiazulene. Protonation 
was shown to occur on the oxygen of 1-nitro-, 1-formyl-, 
1-trifluoroacetyl-, and 1-formylguaiazulene. A fourth 
group of azulenes consisting of 1-phenylazo- and 1-nitro-
4 , 6,8-trimethylazulene were found to have somewhat differ­
ent protonation characteristics. 1-Phenylazoazulene was 
protonated on the nitrogen atom when the acidity was low, 
and consequently protonation caused only small changes in 
the ultraviolet absorption spectrum. No further protona­
tion was found to occur even in 100% H 2S0V. l-Nitro-4,6,8- 
trimethylazulene was also unique in that protonation 
occurred at the one position rather than at the unoccupied 
three position or at the oxygen of the nitro group. The 
authors concluded that this unusual protonation was the 
result of the relief of steric interference between the 
nitro group and the methyl group in the eight position.
The example of 1-(p-dimethylaminobenzyl)-azulene was also 
interesting. When the acidity was very low, there was an 
initial protonation that resulted in only slight ultraviolet 
absorption spectral changes. In strongly acidic media 
another protonation occurred and major spectral changes 
were observed, 1-Azuloic acid, when protonated, also had 
a somewhat unusual NMR spectrum. There appeared to be two 
signals in the methylene region and both disappeared when 
the compound was dissolved in D 2SCH solution.
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These authors also made conductivity measurements 
on solutions of azulene in 100% H 2SOt, . The specific 
conductivity of azulene was found to closely parallel 
those of £-nitroaniline and benzoic acid, both of which 
are known to monoprotonate in 100% H 2SCU. The authors 
concluded that monoprotonation of azulene is the general 
result; this conclusion reaffirmed an earlier proposal by 
Heilbronner, Plattner, and Weber.
It is apparent from these studies that an azulene 
containing a carbonyl group in strongly acidic solution 
forms a different cation that does a pure hydrocarbon 
derivative. These carbonyl derivatives protonate easily 
at the carbonyl oxygen. Nuclear magnetic resonance data 
confirm this site of protonation; but these data alone do 
not exclude the possibility that some ring protonation oc­
curs because the sensitivity of the analytical method may be 
inadequate for the determination of ring protonation. The 
structure of the protonated azulene carbonyl derivative 
may be represented by
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It is generally established that only mono-protonation 
of all the azulene derivatives occurs. There is no firm 
evidence to support the existence of a doubly charged 
cation. The limitations of the magnetic resonance method 
and conductivity measurement methods do not, however, rule 
out the possible existence of a doubly charged cation.
The rapid occurrence of deuterium exchange at position 
three of azulene in 100% D2SCU would seem to support the 
idea that traces of the di-cation are formed. The elec­
tronic equivalence of positions one and three of unsubsti­
tuted azulene would tend to support the idea that rapid 
exchange of the site of protonation between those positions 
occurs. Any confirmation of the existence of a di-cation 
must be accomplished by the use of an azulene derivative 
that has a substituent at either position one or three.
The azulene-azulenium cation equilibrium in solutions 
that have various acid concentrations has been investigated 
by Long and Schulze^® ̂ a n d  by Long and Callis.^** The 
indicator ratios, I = C_ „/CB , for azulene and a number of
b   ̂n  c
its derivatives in aqueous perchloric acid solutions were
determined. The acid concentration at the point at which
the indicator ratio equalled unity was determined; for
azulene this concentration was 2.30 molar perchloric acid
or -0.92 on the H Hammett acidity scale. These authorso
used the Hammett stepwise procedure for obtaining the pK 
values for a number of azulenes. The ground state pK value
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for the azulenium cation was determined to be -1.7. From 
these studies it was concluded that azulene and some of 
its derivatives were very strong bases relative to other 
aromatic systems.
The azulenium cation has been investigated theoretic­
ally and experimentally by Heilbronner and co-workers.^® 
These workers have interpreted the electronic absorption 
spectrum with the help of a "molecule-in-molecule" calcu- 
lational model and have concluded that the lowest energy 
singlet «- singlet transition has at least 60% charge-trans 
fer character. These calculations predict transitions at 
28,400, 30,900, 38,600, 38,600, 44,000 and 47,200 cm-1.
The absorption spectrum of the azulenium cation clearly 
exhibits maxima at 28,400, 38,600 and 45,500 cm-1. The 
position of the primarily charge-transfer band and the 
position of the two other bands do not depend on the 
dielectric constant of the solvent to any great extent.
Heilbronner and co-workers^^ have determined the 
ground state and first excited singlet state pK values of 
azulene and some of its derivatives in aqueous sulfuric 
acid. The pK values of the first excited singlet states 
of the azulenium cations were determined from the H Q -  
dependent quenching of their fluorescence. It was con­
cluded that the azulenium cations in their first excited 
singlet states were stronger acids than the ground state 
azulenium cations. This conclusion was based on the fact
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that in order to observe an appreciable fluorescence from 
the cations the acidity of the solution had to be approxi­
mately four units more negative, on the HQ-scale, than the 
apparent pK value of the ground state. The apparent pK 
values for the ground and first excited singlet states of 
the azulenium cation were determined to be -1.11 and -5.74, 
respectively.
Heilbronner and c o - w o r k e r s 1 0 7  have also studied the 
proton dissociation of azulenium cations in the first 
excited singlet state by means of flash photolytic tech­
niques. When the azulenium cation was maintained in the 
acidity range of -4 to -1 on the Hammett HQ-scale, its 
fluorescence was quenched and the quenching could be 
explained by a mechanism that involves the proton disso­
ciation of the excited azulenium cation. These flash 
experiments demonstrated that one of the products produced 
by the flash is azulene in its ground state. This process 
leads to a distortion of the azulene-azulenium cation 
equilibrium so that the increase in the concentration of
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azulene molecules may be conveniently measured by monitor­
ing the absorbance of the solution at some wavelength 
which corresponds to the position of the lowest energy 
absorption band of azulene. The relaxation time of this 
distortion was measured as a function of HQ and was found 
to range from 0.6 x 103 to 5.9 x 103 sec"1 over the acidity 
range of -1.50 to -2.72. Below approximately -2.8 HQ the 
reprotonation of azulene became too fast to measure with 
the flash equipment.
The emissive properties of azulenium cations have not 
been systematically studied previously. In addition to 
the two papers cited above, two other papers have appeared. 
Dhingra and Poole^-®® have investigated the room temperature 
emissions of the cations of 1-trifluoroacetylazulene, 
1-nitroazulene, 1-azuloic acid and naphth[2,1,8-cde]azu­
lene. The first three of these compounds were dissolved 
in 60% H2S0i*, but the latter compound had to be dissolved 
in concentrated H2SOi, in order for protonation to occur.
The protonated form of the three 1-substituted azulene 
derivatives exhibited normal, Si -*■ S0, fluorescences, but 
that of naphth[2,1,8-cde]azulene exhibits an emission 
from a highly excited singlet state, possibly S s or S*.
Treibs and Scholz^®^ have investigated the room tem­
perature emissive properties of the cations generated from 
4,7-dimethyl-, 1,3-dimethyl-, 1,2,3-trimethyl-, vetiv-, 
guai-, 1-methylisoguai-, and 1,2-benzazulene as well as
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those of the cation of l-2-benzazulene-6-carbinol. The 
solvent in all these experiments was 60% HjSO^. The 
fluorescence of each of these derivatives was found to 
be normal Sr ■+ S0 fluorescence. The fluorescence spectra 
of these derivatives, as well as those reported by Dhingra 
and Poole, are broad, structureless emissions.
The preceding summary of the available literature 
concerning azulenium cations provides a wealth of informa­
tion about these species. It is observed that the proposed 
structure of the azulenium cation is supported by a rela­
tively large amount of experimental data and by the theo­
retical procedures. Those purely hydrocarbon derivatives 
of azulene which have C2v symmetry protonate in strongly 
acid media at the 1-position to form a single molecular 
species, while those hydrocarbon derivatives that do not 
have C2V symmetry may protonate to form two molecular 
species. In a similar manner, those azulene derivatives 
that contain a carbonyl group readily protonate in acidic 
media at the oxygen atom. Again, the symmetry of the mole­
cule determines whether more than one molecular species is 
possible. In addition, there is some unconfirmed evidence 
in the case of unsubstituted azulene to support the exist­
ence of a third molecular species, the radical cation that 
results from the removal of an electron from the neutral 
molecule.
The experimental data support only mono-protonation
140
of almost all the azulene derivatives. There exists no 
evidence that supports the assignment of a di-cationic 
species; however, the inherent limitations of the analy­
tical procedures do not completely exclude this possibi­
lity.
The azulene-azulenium cation equilibrium has been 
investigated and the apparent pK values for the ground 
and first excited singlet states of the cations of azulene 
and some of its derivatives have been determined. A com­
parison of these values indicates that the first excited 
singlet state of the azulenium cation is a much stronger 
acid than the ground state. As a consequence, in solutions 
of low acidity the excited azulenium cation dissociates a 
proton and one of the species which is formed is the 
ground state azulene molecule.
It is also observed that the azulenium cation in 
strongly acid media fluoresces rather appreciably; but, 
the number of examples of this fluorescence is limited.
To date, there has not been a systematic study of the 
emissive properties of these species.
2. Dissociation of 1-Formyl and 1,3-Diacetyl-4,6,8- 
trimethylazulene
In the course of the absorption and emission 
studies of the azulene derivatives dissolved in 60% H 2SO^, 
it was observed that the behavior of l-formyl-4,6,8- 
trimethylazulene and 1,3-diacetyl-4,6,8-trimethylazulene
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differed considerably from that of the other carbonyl 
derivatives. For this reason, these two derivatives must 
be considered separately.
Freshly prepared solutions of these two compounds in 
60% H2SCU appear yellow; but, upon standing for 24 hours 
both solutions are colorless. Qualitatively, the color 
loss from solutions of 1,3-diacetyl-4,6,8-trimethylazulene 
is much more rapid than is that from solutions of 1-formyl-
4,6,8-trimethylazulene. The former is essentially color­
less after standing 6 hours, whereas approximately 24 hours 
are required for complete color loss from the latter.
At least in the case of the diacetyl derivative dis­
solved oxygen does not seem to be implicated in the mechan­
ism of color loss of these solutions. A sample was care­
fully prepared in de-aerated H2SO»* in a nitrogen atmosphere, 
and the loss of color of this solution was qualitatively 
as rapid as that of a solution prepared in the open with 
H2SOt, which had not been degassed.
The absorption spectra of these two compounds dis­
solved in 60% H 2SO1, and in EtOH are shown in Figures 36 
and 37. The spectra obtained from freshly prepared solu­
tions in 60% H2SOj, are similar to the spectra of 1,3- 
diacetyl-, 1,3-dibenzoyl- and 1-benzoylazulene dissolved 
in 60% H2S0*. A long wavelength absorption band is noted 
in each case. These bands are relatively weak and ill- 






l,3-Diocetyl-4, 6,8- trim ethyl azulene
 9.32 X I0'4M in EtOH
 2.10 X I0'4M in 6 0 % H 2S04
:



















two derivatives in 60% HzSOi, do not exhibit this long 
wavelength absorption band. The disappearance of the 
long wavelength absorption band is accompanied by severe 
changes in the ultraviolet region of the spectra. Time 
dependent changes are shown in Figures 38 and 39. Several 
isosbestic points are observed in each case. These well- 
defined isosbestic points would seem to indicate that the 
original oxygen-protonated species rapidly undergoes a 
reaction or a transformation to some other protonated 
azulene species.
Two processes can be immediately visualized; the first 
is a very rapid protonation of the carbonyl oxygen followed 
by a slow transfer of the proton to the ring, and the 
second is a rapid protonation of the carbonyl oxygen 
followed by a slow reaction. A comparison of the absorp­
tion spectra of the decolorized solutions of each of these 
compounds reveals that the final product is the same or 
very nearly the same kind of species in each case. Further 
comparison of these spectra with the absorption spectrum 
of 4,6,8-trimethylazulene dissolved in 60% H 2SO^, Figure 
40, indicates that the final species is the 4,6,8-trimethyl- 
azulene cation in each case.
Conclusive evidence is obtained from the emission 
spectra of these compounds dissolved in 60% HzSO*. At 
77 K, freshly prepared solutions of the compounds exhibit 
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as Figures 41 and 42. At 77 K, the decolorized solution 
of each of these compounds exhibits both a fluorescence 
and a phosphorescence. The same two emissions are observed 
from each solution and these emissions are identical to 
those of the 4,6,8-trimethylazulenium cation. The fluores­
cence and phosphorescence of the latter compound are shown 
in Figure 43. Thus, the spectral data lead to the conclu­
sion that 1,3-diacetyl-4,6,8-trimethylazulene and 1-formyl-
4,6,8-trimethylazulene dissociate rapidly in 60% H2SOi* to 
form the 4,6,8-trimethylazulenium cation. The possibility 
exists that, in the case of the l-formyl-4,6,8-trimethyl­
azulenium cation, transfer of the proton to a ring site 
could lead to a cation such as that shown below. It might
be argued that such a cation would exhibit spectral charac­
teristics that would be indistinguishable from those of
4,6,8-trimethylazulenium cations. This similarity, however, 
would not be possible in the case of the diacetyl deriva­
tive. Transfer of the proton to a ring site could occur 
at the one position, but the conjugative effects of the 
acetyl group at the three position should still be observ­



































It can be concluded, on the basis of the data given 
above and from the fact that di-cations are not known, 
that a reaction has occurred and that the final product 
in each case is the 4,6,8-trimethylazulenium cation. No 
attempt was made to identify the products resulting from 
the carbonyl portions of these molecules.
The reason that these two derivatives of 4,6,8- 
trimethylazulene undergo eliminations readily, whereas 
similar derivatives of azulene do not react similarly is 
not obvious. The answer is provided, at least partially, 
by the fact that the n-electron systems of the carbonyl 
portion and of the azulene nucleus cannot be co-planar in 
the case of the 4,6,8-trimethyl derivative, whereas they 
can be co-planar in the case of the azulene derivative.
This contention is supported by the lack of substituent 
additivity effects on the long wavelength absorption band 
of the trimethyl derivative and by nuclear magnetic 
resonance data. The long wavelength absorption bands of 
the 1,3-diacetyl derivatives of azulene and 4,6,8-trimethyl­
azulene in Figure 44. The substituent additivity effects, 
or Plattner's rules, predict that the shift of the long 
wavelength absorption transition in going from azulene to
1,3-diacetyl-4,6,8-trimethylazulene should be equal to the 
sum of the shifts in going from azulene to 4,6,8-trimethyl­
azulene plus that in going from azulene to 1,3-diacetyl- 
azulene. Such a treatment predicts that the long wavelength
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band of 1,3-diacetyl-4,6,8-trimethylazulene should occur 
at 20,4 30 cm-1, whereas the actual position is 19,420 cm-1. 
There is essentially no difference in the positions of 
these transitions, see Figure 9, in 1,3-diacetylazulene 
and in 1,3-diacety1-4,6,8-trimethylazulene, and there 
should be a minimal difference of 1064 cm-1 , the experi­
mental difference between the positions of this band in 
the spectra of azulene and 4,6,8-trimethylazulene. The 
lack, of agreement between experiment and the predictions 
of Plattner's rules is interpreted to mean that the two 
sub-systems are less co-planar in the case of 1,3-diacetyl-
4,6,8-trimethylazulene than in that of 1,3-diacetylazulene. 
Leermakers and c o - w o r k e r s ^ h a v e  reported that the acetyl 
groups exert no downfield anisotropic effect on the methyl 
groups at positions 4 and 8 of the trimethyl derivative. 
This conclusion was the result of the fact that the spacing 
between the NMR signals of the 4- and 8-methyl groups and 
the 6-methyl was approximately the same in the diacetyl 
derivative as that in the parent compound, 0.22 and 0.25 
ppm, respectively. A much larger spacing would be expected 
if the two sub-systems were co-planar.
As previously stated, the products resulting from the 
carbonyl portions of the molecules were not investigated; 
but the most logical choices would be formic acid and acet­
ic acid, respectively, for the formyl and diacetyl deriva­
tives. Such a reaction would be totally intramolecular
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and the relief of steric strain would provide the driving 
force for the elimination. It can, thus, be stated with 
reasonable certainty that the absorption and emission data 
presented in this section support the contention that the
1,3-diacetyl- and 1-formy1-4,6,8-trimethylazulene undergo 
dissociations when dissolved in 60% H2SOh. These data 
also support the contention that the final product in each 
case is the trimethylazulenium cation. It is proposed 
that the driving force of this elimination is furnished 
by relief of steric strain.
3. Absorptions and Emissions of Azulenium Cations 
In this section, a systematic investigation of 
the absorptive and emissive properties of the cations of 
several azulene derivatives is reported. An integration 
of the existing literature data with the new data leads 
to the conclusion that the emitting cations may be 
adequately represented by a model which closely resembles 
that for the uncharged parent compounds.
The absorption spectra of the cations of several 
azulene derivatives are reported for the first time. The 
fluorescence spectra of several of these derivatives are 
also reported for the first time. All the emission spectra 
herein reported are unique in that the experiments were 
performed at 77 K, whereas all the previous experiments 
were performed at ambient temperature. Phosphorescences 
are reported for each of the cations studied. Triplet -*■
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singlet emissions for these derivatives have not previous­
ly been reported. CNDO/S calculations have been carried 
out and the calculational results have been compared with 
the experimental results.
The absorptive and emissive properties o f the cations 
of non-carbonyl derivatives and of carbonyl derivatives of 
azulene are sufficiently different that they will be dis­
cussed separately. The non-carbonyl derivatives will be 
discussed first in order that a firm foundation can be 
established for the discussion of the carbonyl derivatives. 
The spectral properties of these latter species are much 
more complicated than those of the non-carbonyl derivatives.
Azulenium Cation
The room temperature absorption and fluorescence 
spectra of azulene dissolved in 60% H2SOu are shown in 
Figures 45 and 46. The corresponding fluorescence and 
the phosphorescence of the ion are shown in Figure 47, 
and the corresponding fluorescence excitation spectra 
are shown in Figure 48. The results are tabulated in 
Table 11. The ambient temperature absorption data closely 
agree with those of Heilbronner and co-workers. Although 
reports of azulenium cation fluorescence are found in the 
existing literature, the recorded spectrum was not found; 
hence, the emission data cannot be compared.
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Absorption and Luminescence Frequencies of
the Azulenium Cation
298 K Absorption 298 K Fluorescence
(nm) Energy (cm-1) (nm) Energy (cm-1)




77 K Fluorescence 7 7 K Phosphorescence
\max-, Energy (cm"1) ^nax Energy (cm-1)
377 (Sh) 26526 487 20530
398 25126 520 19230
416 (Sh) 24038
298 K Excitation 77 K Excitation
^inax (nro) Energy (cm"1) Xmax Energy (cm-1)
36 3 27550 357 28010
338(Sh) 29590
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thru 48 are reproducible. The shoulder at 268 nm in 
the absorption spectrum of the azulenium cation is also 
observable in the spectrum reported by Heilbronner. 
Theoretical calculations performed by Heilbronner and 
co-workers also predict two transitions in this spectral 
region.
There is considerable difference between the locations 
of the wavelength maxima in the absorption and fluorescence 
excitation spectra. The fluorescence excitation maximum 
shifts 940 cm-1 to lower energy relative to the maximum in 
the absorption spectrum. Ideally the fluorescence excita­
tion spectrum should be identical with the absorption 
spectrum. Large changes of the excitation spectrum rela­
tive to the absorption spectrum normally are indicative 
of substantial changes in geometry of the emitting species 
relative to that of the absorbing species. In the present 
case, both the bands are rather broad so that some error 
is made in the determination of the position of maximum 
absorbance.
The wavelength maximum of the azulenium fluorescence 
at 77 K occurs 1830 cm"1 to higher energy relative to that 
at room temperature. In addition, the 77 K spectrum con­
tains some structure, while the 298 K spectrum is totally 
void of any structure.
The shape of the lowest energy absorption band of the 
azulenium cation is somewhat skewed to the high energy
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side. This behavior may be indicative of almost complete 
overlap of two electronic transitions or of vibronic 
structure of a single electronic transition. The ambient 
temperature fluorescence excitation spectrum is also 
skewed towards shorter wavelengths.
4,6,8-Trimethylazulenium Cation
The room temperature absorption spectrum of 4,6,8- 
trimethylazulene dissolved in 60% H2SOi, is shown in 
Figure 4 9 and the 77 K fluorescence and phosphorescence 
spectra are shown in Figure 50. These results are tabu­
lated in Table 12. The absorption and emission spectra 
of 4,6,8-trimethylazulenium cations are very similar to 
those of the azulenium cation; these similarities would 
be expected. The absorption bands of the trimethyl deri­
vative are shifted to lower energy with respect to those 
of the azulenium cations. The 77 K fluorescence is, 
however, shifted to higher energy, while the 77 K phosphor­
escence is again shifted to lower energies with respect to 
the corresponding azulenium emissions. The 77 K fluores­
cence excitation spectrum of 4,6,8-trimethylazulenium 
cation is almost identical with that of the azulenium 
cation, and is, therefore, not shown. The maximum occurs 
at 358 nm, a 1 nm shift to longer wavelengths with respect 
to that of the azulenium cation. This small shift is well 
within the error involved in the estimation of the position
FIGURE 4 9
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Absorption and Luminescence Frequencies of 
the 4,6,8-Trimethylazulenium Cation
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of maximum absorbance, and is inconclusive.
The longest wavelength absorption band of the
4,6,8-trimethylazulenium cation is also skewed for 
shorter wavelengths; the shape is similar to that of 
the azulenium cation spectrum.
6-Phenylazulenium Cation
The ambient temperature absorption spectrum of 6-phenyl- 
azulene dissolved in 60% H2SOi, is shown in Figure 51 and 
the 77 K fluorescence and phosphorescence are shown in 
Figure 52. The results are tabulated in Table 13. 
Surprisingly, the absorption spectrum of the 6-phenyl- 
azulenium cation is somewhat different from that of the 
azulenium cation, especially with respect to the relative 
intensities of the lowest energy absorption bands. The 
6-phenylazuleniurn cation absorption spectrum consists of 
four primary absorption bands rather than the three of the 
azulenium cation. The longest wavelength absorption band 
again appears to be composed of two overlapping transitions 
or to exhibit some vibronic structure. Both this band and 
the next higher energy band are skewed. The absorption 
bands occurring at 259 and 221 nm appear to be identical 
with the azulenium cation absorption bands that occur at 
258 and 222 nm. The substitution of a phenyl group into 
the 6-position of the azulenium nucleus should, however, 
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Absorption and Luminescence Frequencies of 
the 6-Phenylazulenium Cation
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A red-shift of the 258 and 222 nm bands of the azulenium 
cation was observed in the case of the 4,6,8-trimethyl­
azulenium cation.
The 77 K emission spectra of the 6-phenylazulenium 
cation are somewhat similar to those of the azulenium 
cation. There is evidence of only one shoulder in the 
fluorescence spectrum; the high energy shoulder present 
in the fluorescence spectrum of the azulenium cation is 
absent in the spectrum of the 6-phenylazulenium cation.
The phosphorescence spectrum of the 6-phenylazulenium 
cation is similar to that of the azulenium cation. In 
the case of the 6-phenyl derivative, the longer wavelength 
maximum appears as a shoulder; whereas in the spectrum of 
the azulenium cation this band has a well defined maximum.
2-Phenylazulenium Cation
The ambient temperature absorption and fluorescence 
of 2-phenylazulene dissolved in 60% H SO are shown in 
Figures 53 and 54, respectively. The 77 K fluorescence 
and phosphorescence spectra of the 2-phenylazulene cation 
are shown in Figure 55. The ambient temperature and the 
77 K fluorescence excitation spectra are shown in Figure 
56. These results are tabulated in Table 14. The absorp­
tion spectrum of the 2-phenylazulenium cation is very dif­
ferent from that of the azulenium cation and that of the 
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Absorption and Luminescence Frequencies of 
the 2-Phenylazulenium Cation
298 K Absorption 298 K Fluorescence
A„ (nm) Energy (cm-1) (nm) Energy (cm 1)m u x
433 23095 510 19610
281 35585 538 (Sh) 18585
244 40985
225(Sh) 44445
77 K Fluorescence 77 K Phosphorescence
W  <nm ) Energy (cm-1) X (nm) -max— 1-- - Energy (cm-1)
475 21055 603 16585
509(Sh) 19645 632 15825
550(Sh) 18180 661 15130
696 14370
298 K Excitation 77 K Excitation








transitions are observed. These transitions occur at 4 33 
and 281 nm. A less well-defined band is observed at 244 
nm and a slight shoulder is observed at 225 nm. Both the 
well-defined absorption bands are skewed, and may, thus, 
be composed of two electronic transitions. The ambient 
temperature fluorescence is a good mirror image of the 
lowest energy absorption transition; except that the fluor­
escence spectrum exhibits some structure in the form of a 
shoulder at 538 nm. The 77 K fluorescence spectrum exhibits 
less structure than the 77 K fluorescence spectra of the 
other cations. Two shoulders are observed on the low 
energy side of this emission spectrum. The 77 K phosphor­
escence spectrum, on the other hand, exhibits more struc­
ture than any of the previously discussed phosphorescence 
spectra. At first, this phosphorescence appears to be 
considerably different from the phosphorescences of the 
other cations; however, a careful inspection reveals two 
primary maxima at 603 and 661 nm and two shoulders at 632 
and 696 nm. Thus, the phosphorescence of the 2-phenyl­
azulenium cation is not greatly different from the phos­
phorescences of the other azulenium cations.
The locations of the wavelength maxima of the absorp­
tion and the fluorescence excitation spectra differ by 
829 cm-1. A similar observation was earlier reported for 
these spectra of the azulenium cation.
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4. Comparison of the Theoretical and Experimental
Spectra
Previous experimental and theoretical studies 
have indicated that the lowest energy absorption band in 
the spectra of the azulenium cation and the alkylazulenium 
cations consists of at least two overlapping transitions. 
Heilbronner and co-workers^!! have performed "molecules- 
in-molecules" calculations and have concluded that the 
long wavelength absorption band in the spectrum of the 
azulenium cation is essentially a charge-transfer band. 
These calculations also indicated that this absorption 
region consists of bands from two transitions located at 
28,400 and 30,900 cm-1.
In this present work, CNDO/S calculations for the 
azulenium, 6-phenylazulenium, and 2-phenylazulenium 
cations have been performed. The bond angles and bond 
lengths employed in these calculations are identical with 
those of the unprotonated parent molecules. The only dif­
ference between the model for the parent molecule and that 
of the cation is the rehybridization of the carbon atom 
of the azulene nucleus at the site of protonation. The 
results of these calculations are tabulated and compared 
with experimental results in Table 15. The experimental 
values listed in Table 15 are for the position of maximum 
absorbance rather than for the 0-0 band of the transitions. 











































































































structureless bands; hence the locations of the 0-0 bands 
would have to be estimated.
The theoretical transition energies in Table 15 are 
in good agreement with the theoretical and experimental 
results of Heilbronner and with the experimental results 
of this work. These calculations predict that the lowest 
energy absorption regions in the spectra of the azulenium, 
6-phenylazulenium, and 2-phenylazulenium cations are each 
composed of two transitions. Examination of the theoret­
ical transition energies in Table 15 reveals that the 
difference, AE2 - AEj, for azulenium (2005 cm-1) is some­
what larger than that for 6-phenylazulenium (1701 cm-1) 
and the difference for 2-phenylazulenium (3007 cm-1) is 
considerably larger than those of azulenium and 6-phenyl­
azulenium. Comparison of the calculated oscillator 
strengths of these pairs of transitions demonstrates that 
the higher energy transitions have the smaller oscillator 
strengths. The calculations thus predict that the lowest 
energy absorption band of 2-phenylazulenium should be con­
siderably more skewed to the shorter wavelength side of the 
band than either azulenium or 6-phenylazulenium and that 
this band in the spectrum of 6-phenylazulenium should be 
more symmetric than those of the other two cations since 
it is composed of two less widely separated transitions of 
approximately equal strength. Experimentally, these pre­
dictions are verified. The lowest energy absorption band
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of 2-phenylazulenium is much less symmetric than that of 
the other three cations. The lowest energy absorption 
band in the spectrum of each of the four cations is 
unsymmetric to some degree. On the basis of this informa­
tion and on the basis of the calculational results, it 
must be concluded that this band in each case is composed 
of two electronic transitions.
The general characteristics of the lowest energy 
absorption bands of all four of the azulenium cations are 
very similar and so are those of the fluorescence spectra. 
In a series of closely related compounds, behavior of this 
nature indicates that the origins for absorption and for 
emission must be very similar for each member of the 
series. The theoretical calculations also indicate that 
the configuration from which the transitions originate are 
similar for the series of azulenium cations.
The association of an orbital transition, such as 
LUMO *■ HOMO, with an electronic transition is a rather 
severe approximation. The incorporation of configuration 
interaction, such as is done in the CNDO/S procedure, some 
what lessens the severity of the approximation. The 
orbital representations obtained by this procedure are 
thus only an aid in the assignment of electronic transi­
tions, and, within this degree of approximation, the theo­
retical calculations substantiate the contention that the 
origins of both the first absorption band are very similar
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and that those of the fluorescence are also very similar. 
The similarity of these origins is apparent in Figures 57, 
58 and 59, which represent the several occupied and un­
occupied orbitals involved in the various transitions. 
Tables 16, 17 and 18 contain the calculated configuration 
interaction coefficients for the azulenium, 6-phenyl- 
azulenium and 2-phenylazulenium cations. Clearly, the 
orbital representations for the two lowest energy transi­
tions are quite similar. The experimental absorption 
spectra of these three cations are compared with the 
calculated frequencies in Figures 60, 61 and 62.
The two lowest energy transitions of the azulenium 
cations are predicted to involve substantial charge trans­
fer. This is represented by the equation below. For the
azulenium cation, the two lowest energy transitions 
involve the transfer of an electron from an orbital of 
the type listed as 2 4 in Figure 57 to orbitals of types 
25 and 25. Other orbitals are involved in the configura­
tion t but, these three are the primary orbitals involved. 
Since charge density may be represented by the square of 
these orbital coefficients, it may be seen that the elec-
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FIGURE 57
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FIGURE 58
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FIGURE 59
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TABLE 16
Configuration Coefficients, Oscillator 
Strengths and Transition Wavelengths
of the Azulenium Cation
1 2 3 4 5 6
25 <► 24 0.93 0.11 0.17 0. 23 0.09
26 24 0. 06 0.91 0.16 0. 31 0.16
27 24 0.10 0.22 0.17 0. 84 0.07
28 + 24 0. 05 0.08 0.07 0.07
29 24 0.05 0.20 0.21
25 «- 23 0.05 0. 35 0.68 0. 53 0.11 0.20
26 +■ 23 0. 34 0.11 0.56 0.61 0.17 0.27
27 <- 23 0.06 0.16 0.05
28 + 23 0.06 0.08 0.15
2 9 + 2 3 0.07 0.08
25 - 22 0.19 0.28 0.28 0. 75
26 «- 22 0.28 0.21 0. 35 0.44
25 + 18 0.07
26 + 18 0.14
X 345 323 248 241 213 194
f .141 .015 .112 .552 .015 .315
TABLE 17
Configuration Interaction Coefficients, Oscillator Strengths and 
Transition Wavelengths of the 6-Phenylazulenium Cation
1 2 3 4 5 6 7 8 9 10 11 12
39 <- 38 0.92 0.06 0. 32 0.15
40 <- 38 0.92 0.07 0.28 0.17 0.17 0.07
41 38 0.10 0.06 0.36 0.13 0. 50 0.64 0.19 0.08
42 +■ 38 0.18 0.05 0.60 0.19 0.15
43 + 38 0.14 0.05 0.15 0.13 0.05 0.16 0.73 0.43
44 <- 38 0.10 0.13 0.07
39 «- 37 0.07 0.23 0.95 0.09
40 «- 37 0.93 0.25 0.06 0.26 0.09
41 ♦ 37 0.10 0.14 0.17 0.06 0.06
42 + 37 0.05 0.10 0.20 0.20 0.54 0.65
43 «- 37 0.19 0.65 0.17 0.12 0.11
39 «- 36 0.21 0.30 0.06 0.53 0.73 0.05 0.08 0.11
40 <- 36 0.19 0.12 0.76 0,51 0.09 0.09 0.22 0.11
41 *• 36 0.05 0.06 0.11 0.09 0.19 0.18 0.08 0.05
39 35 0.09 0.20 0.07 0.09 0.86 0.20 0.08 0.21 0.08
40 «- 35 0.21 0.19 0.08 0.20 0.64 0.53 0.19 0.07
39 32 0.06 0.11 0.09 0.06 0.11 0.37 0.54
40 * 32 0.06 0,11 0.22 0.05 0.21 0.18 0.24
\ 367 345 299 296 289 277 233 228 227 218 208 198
f .148 .135 .011 .010 .418 .074 .178 .012 .199 .059 .021 .309
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TABLE 18
Configuration Interaction Coefficients, Oscillator Strengths and 
Transition Wavelengths of the 2-Phenylazulenium Cation
1 2 3 4 5 6 7 8 9 10 11 12
39 ♦ 38 0,95 0.09 0.14 0.24 0.14 0.05
40 «■ 38 0.07 0.94 0.09 0.09 0.11
41 «- 38 0.07 0.56 0.10 0.66 0.22 0.17
42 «- 38 0.17 0.11 0.08 0. 30 0.05 0.09 0.18 0.61 0.05
43 «■ 38 0.05 0.07 0.06 0.65 0.12 0.46
44 «■ 38 0.07 0.05 0.05 0.22
45 + 38 0.06 0.16 0.08 0.09 0.44
39 «- 37 0.18 0.34 0.12 0.14
40 37 0.27 0.11 0.91 0.07
41 «- 37 0.34 0.07 0.22 0.05 0.10 0.71 0.07
42 + 37 0.27 0.06 0.61 0.16 0.59
43 + 37 0.13 0.16 0.05
39 - 36 0.13 0.11 0.45 0.29 0.47 0.55 0.10 0.18 0.06
40 * 36 0.05 0.19 0.29 0.31 0.06 0.87 0.08
41 * 36 0.09 0.06 0.22 0.17 0.06 0.14
39 35 0.07 0.20 0.11 0.79 0.27 0.06 0.37 0.07 0.14
40 «* 35 0.20 0.05 0.52 0.16 0.12 0.61 0.11 0.15 0.06 0.05
41 - 35 0.07 0.12 0.09
39 *•* 32 0.10 0.06 0.14 0.29 0.10 0.10 0.18
40 «* 32 0.05 0.30 0.07 0.11 0.22 0.05 0.33
A 399 356 306 270 260 250 235 228 216 207 205 195
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tron flow lies in the direction from the five-membered to 
the seven-membered ring.
The assignment of the other bands in the spectra of 
the series of azulenium cations is more complicated. The 
influence of the phenyl substituent is substantial and is 
indicated by the rather drastic spectral differences 
between the azulenium and 4,6,8-trimethylazulenium cations 
and the 6-phenyl and 2-phenylazulenium cations. Therefore, 
the remainders of the spectra of these derivatives will be 
discussed separately.
The second major absorption band in the spectrum of 
the azulenium cation occurs at 258 nm. This band also 
appears to be composed of at least two transitions since 
a shoulder is observed at 268 nm. The corresponding 
absorption band in the spectrum of the 4,6,8-trimethyl­
azulenium cation is shifted to lower energy and the shoul­
der is better defined. The absorption maximum occurs at 
267 nm and the shoulder is located at 278 nm. The theoret­
ical calculations for the azulenium cation also indicate 
two electronic transitions in this spectral region. The 
calculated transitions occur at 248 and 241 nm and the 
calculated oscillator strengths are 0.112 and 0.552, 
respectively. These transitions are labeled as 3 and 4 
in Table 16. These results are also compared in Figure 60. 
Thus, the theoretical and experimental results are found 
to be in close agreement.
193
The third absorption band in the spectrum of the 
azulenium cation occurs at 222 nm while that of the
4,6,8-trimethylazulenium cation occurs at 234 nm. 
Heilbronner's calculations indicate two degenerate transi­
tions in this region of the spectrum of the azulenium 
cation. The present CNDO/S calculations indicate two 
fairly widely separated transitions at 213 and 194 nm.
On the basis of the calculated oscillator strengths, 0.015 
and 0.315, respectively, the assignment must be made to 
the 194 nm band. This transition is labeled 6 in Table 16 
and is compared to the experimental spectrum in Figure 57. 
The calculations indicate that this transition is composed 
primarily of orbital transitions of the types (25 22)
and (26 «- 22), whereas the alternate choice, transition 
5 in Table 16, is composed primarily of the orbital transi­
tion (27 «- 24). Both these transitions are of the locally 
excited type and involve little charge transfer.
The assignment of the remainder of the spectrum of 
the 6-phenylazulenium cation is more complicated due to 
the influence of the phenyl substituent. This complication 
is readily observable in the absorption spectrum, Figure 
51 or Figure 61, since a fourth absorption band is appar­
ent. From a purely logical point of view, the appearance 
of the absorption band at 312 nm in the spectrum of the 
6-phenylazulenium cation might be rationalized by means 
of one of three contentions; 1) the two lowest energy
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absorption bands in spectrum of the azulenium cation 
consist of two electronic transitions each and the sub­
stitution of a phenyl group at the 6-position eliminates 
the near degeneracy of one or both these pairs of transi­
tions, or 2) the substitution of a phenyl group at the 
6-position leads to the appearance of a charge-transfer 
transition between the phenyl group and the azulenium 
cation or vice versa, or 3) it is a perturbed phenyl group 
transition.
The theoretical calculations lend some credibility 
to the assignment of the 312 nm absorption band to be a 
charge-transfer transition. Two primarily charge-transfer 
transitions are predicted at 299 and 296 nm. The calcu­
lated oscillator strengths are, however, very small; they 
are 0.011 and 0.010, respectively. Experimentally, no 
evidence that supports the charge-transfer assignment can 
be presented. A charge-transfer transition is normally 
expected to exhibit some sensitivity to changes in solvent, 
but the wavelength maximum of this 312 nm band exhibits 
only very small shifts as a result of substantial changes 
in the solvent.
An examination of the orbital representations for 
6-phenylazulenium in Figure 58 reveals that two of the 
occupied orbitals, numbers 36 and 37, have no counterparts 
in the representations for the azulenium cation. Transi­
tions involving primarily orbital transitions of the types
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(39 «- 37) and (40 ■*- 37) lead to the two charge-transfer 
transitions outlined above. The calculations also predict 
transitions involving primarily orbital transitions of the 
types (39 «- 36) and (40 36) at 289 and 277 nm, respect­
ively. The oscillator strengths for these transitions are 
0.418 and 0.074. The four transitions that are predicted 
to occur in this spectral region are thus seen to involve 
substantial changes in the phenyl group.
The second absorption band in the spectrum of the 
6-phenylazulenium cation may, on the basis of the theoret­
ical calculations, be composed of at least four transitions. 
All of these transitions have no counterpart in the spec­
trum of the azulenium cation. It is concluded that the 
two charge-transfer transitions, if present, constitute 
a very small part of this absorption band since the ex­
pected solvent shifts were not observed. The theoretical 
oscillator strengths are not in agreement with experiment 
since one of this pair, transition 5 in Table 17, has the 
highest calculated oscillator strength in the calculated 
spectrum and this absorption band is the weakest in the 
experimental spectrum. This discrepancy might be ration­
alized by intensity borrowing by those transitions involved 
in the lowest energy absorption band. Both these calcu­
lated transitions involve appreciable configuration inter­
action coefficients of orbital transitions of the types 
(39 «- 36) and (40 *- 36) .
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The third absorption band in the spectrum of the 
6-phenylazulenium cation, located at 259 nm, must be the 
equivalent of the second absorption band in the spectrum 
of the azulenium cation. A more substantial shift of this 
band might be expected on the basis of the rather appre­
ciable shift of this particular absorption band in the 
spectrum of the 4,6,8-trimethylazulenium cation relative 
to that of the azulenium cation. On the other hand, the 
theoretical calculations indicate an appreciable shift of 
these transitions to higher energy. The calculations pre­
dict transitions at 233 and 227 nm for the 6-phenyl- 
azulenium cation, whereas the appropriate transitions 
of the azulenium cation are predicted to occur at 248 
and 241 nm. These 6-phenylazulenium cation transitions 
are listed as 7 and 9 in Table 17. Although orbital mixing 
is substantial in both these calculated transitions, the 
primary orbital types are (39 ■*- 35) and (40 35) . Both
these orbital transitions greatly involve the phenyl group. 
The calculational model of this cation is, of course, a 
planar one. The lack of planarity of the experimental 
cation might explain the lack of a shift to lower energy 
of the absorption band. Theoretically, a third transition, 
at 227 nm, is also predicted. This transition is listed 
as 8 in Table 17. Its oscillator strength is much lower 
than those of the other two transitions. In addition, the 
major components of this third transition are charge-
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transfer in character. No undue solvent effect on this 
band was observed experimentally; hence, the charge- 
transfer transition, if present, must make only a minor 
contribution to the absorption band.
The fourth absorption band in the spectrum of the 
6-phenylazulenium cation is not well defined; however, a 
maximum is noted at 221 nm. On the basis of the theoreti­
cal calculations, this band is assigned to be equivalent 
to the third absorption band in the spectrum of the azu­
lenium cation. These calculations predict a transition 
that has an origin similar to that of the azulenium cation 
at 198 nm. This transition is listed as 12 in Table 17.
The assignment of the remainder of the spectrum of 
the 2-phenylazulenium cation is even more complicated than 
if that of the 6-phenylazulenium cation. This complica­
tion is not due to a profusion of bands but rather is due 
to a lack of well-defined bands in the 300 to 200 nm 
region. Only one band, that at 281 nm, is assignable.
In a manner similar to that of the 6-phenylazulenium 
cation, the calculations predict two charge-transfer 
transitions at 306 and 260 nm. The oscillator strengths 
are low, 0.012 and 0.002, respectively. Two other transi­
tions, at 270 and 250 nm, are also predicted to be in this 
region. These latter transitions have oscillator strengths 
of 0.213 and 0.199, respectively. These theoretical tran­
sitions are composed of several orbital types that are
198
indicated by transitions 3 and 6 in Table 18. It is 
apparent from these calculations that orbital mixing 
is severe in the case of the 2-phenylazulenium cation.
The 281 nm band in the spectrum of the 2-phenyl- 
azulenium cation does not exhibit solvent sensitivities 
that would be expected if charge-transfer were the domi­
nant factor in these transitions. It must be concluded, 
therefore, that charge-transfer of the orbital transition 
types (39 «- 37) and (40 «- 37) plays a very minor role in 
these transitions.
The results of the theoretical calculations are 
summarized in Figure 63. The dashed lines connect transi­
tions of similar orbital character. In general, the 
theoretical transition energies are found to be in agree­
ment with the experimental energies. The calculated 
energies are somewhat higher in almost every case.
It is concluded that the first and second absorption 
bands of the azulenium, 4,6,8-trimethylazulenium and 
2-phenylazulenium cations and the first three lowest 
energy bands of the 6-phenylazulenium cation are composed 
of at least two electronic transitions. It is also con­
cluded that the predicted phenyl to azulenium cation 
charge-transfer transitions of the 2- and 6-phenyl-deriva- 
tives are small components of other absorption bands, if 
they are present at all. The theoretical calculations 




















the phenyl ring were co-planar. If the two sub-systems 
are not co-planar, then the probability of charge-transfer 
should be reduced.
In addition, it is concluded that the two lowest 
energy transitions of all these derivatives are of similar 
orbital origin. These transitions involve substantial 
flow of charge to the seven-membered ring so that in the 
two lowest excited states the positive charge of the 
cation is mainly centered in the five-membered ring.
5. Discussion and Conclusions
It is apparent from the preceding experimental 
and theoretical results that the ground state azulenium 
cation may not be associated to any large extent with the 
ground state uncharged parent azulene. An extensive 
rearrangement of the pi-electron system is suggested by 
the major changes in the absorption spectrum of azulene 
relative to that of the azulenium cation. For example, 
the maximum of the lowest energy absorption band of the 
azulene molecule occurs at 577 nm, whereas that of the 
azulenium cation occurs at 351 nm. This blue shift of 
226 nm is in contrast to the behavior of alternate hydro­
carbons in which case the conjugate acid absorbs at longer
112wavelengths than does the parent molecule. The extent
of this electronic rearrangement of azulene is indicated 
by the calculated charge densities of the cations and the 
molecules tabulated in Table 19. These results suggest
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TABLE 19
Charge Densities of Azulenes and 
Azulenium Cations
/  \ -
Cation Molecule Cation Molecule Cation Molecule
Cl .030 -.074 .024 -.111 .025 -.097
. 069 .005 . 063 .010 . 065 .007
C2 . 063 -.020 .092 . 040 . 078 .000
h 2 . 062 . 015 .055 .011
Ca -.038 -.074 -.069 -.111 - . 061 -.097H 3 . 044 .005 . 038 . 010 .044 .006
C H .048 .050 .035 .024 .034 .033
H i* .053 .027 .049 .029 .050 .027
C 5 .066 -.042 .066 -.016 .047 -.043
H S .057 .013 .054 .011 .064 .023
c6 .049 .038 . 039 .015 .069 .052
He .052 .021 . 048 .023
c7 .062 -.042 .059 -.016 .036 -.043H 7 .056 . 013 .053 .010 .062 .023
c# .044 . 050 .036 .024 .039 .033
He .050 . 027 .046 .028 .046 .027
c 9 .083 -.006 .085 .018 .084 .006
Ci 0 .079 -.006 .074 .018 .066 .006
c i 1 .001 .010 -.001 .014
Ci 2 -.001 -.016 -.016 -.023Hi 2 .024 . 016 . 024 . 026
Ci 3 .001 -.022 .001 -.016
Hi 3 . 030 .013 .030 .015Ci * .024 -.006 .021 -.004
Hi * .032 .008 .031 .012
Ci 5 .001 -.021 .030 -.016
Hi s .029 .013 .002 .015
C; 6 -.011 -.016 -.016 -.022
H i E .016 .016 .023 .026
20 2
that the positive charge is unevenly distributed over the 
entire molecule. Remarkably, approximately 60% of this 
positive charge is borne by the nine hydrogen atoms and 
the 5- and 7-carbon atoms.
It is found that the azulenium cation fluoresces at 
room temperature and at 77 K, and a phosphorescence occurs 
at 77 K. Both these emissions originate from the lowest 
excited state of the appropriate multiplicity in contrast 
to the azulene molecule which luminesces almost exclusively 
from the second excited singlet state. These emissions 
which originate from the lowest excited singlet and triplet 
states would appear to suggest that the excited states are 
greatly different from the excited states of the parent 
molecules. However, an examination of all the available 
information suggests that the excited singlet states of 
the molecule and the cation are somewhat similar. Compare, 
for example, the orbital labeled 26, the second lowest 
unoccupied orbital of the azulenium cation, in Figure 57 
with the orbital labeled 25, the lowest unoccupied orbital 
of the azulene molecule, in Figure 19.
The work of Heilbronner and co-workers as well as that 
of Long and co-workers has provided much insight concerning 
the nature of the lowest excited singlet state of the 
azulenium cation. The studies of Long and co-workers have 
shown that the protonation of azulene is indeed a reversi­
ble equilibrium and that the ground state pK value of the
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azulenium cation is -1.7 on the H0 scale at 25° C and 
that the rate of protonation-deprotonation is on the 
order of milliseconds. Heilbronner and co-workers re­
determined the ground state pK value to be -1.11 and also 
determined the first excited state pK value to be -5.74.
The azulenium cation is thus found to be a much stronger 
acid in the excited state than in the ground state. 
Heilbronner has further shown, through a series of flash 
photolytic experiments, that in aqueous acid solution of 
acidity -3 to -1 on the Hammett HQ scale the azulenium 
cation dissociates a proton according to the following 
scheme. In acid solutions within this range re-protonation
AjH+ -------- * (Az) ♦H*
hv
A 7 H*—  — * A z + H +
cannot compete with internal conversion to the ground state; 
therefore, the equilibrium is distorted by the flash.
Through optical absorption measurements, Heilbronner has 
shown that one of the species formed by the flash is the 
free base azulene. In acid solutions of acidity greater 
than -2.8 the re-protonation of the free base became too 
rapid to measure with the flash equipment. These authors 
have also found that a significant azulenium cation fluores-
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cence is observed only when the acidity of the solution 
was at least four units more negative, i.e., at acidities 
greater than -5 on the HQ scale, than the ground state of 
pK value.
The solvent employed in all the experiments recorded 
in this work was a mixture of equal volumes of HjSO^ and 
H20. This mixture corresponds to a 60-65 weight percent 
solution of H2SOi». The HQ values for H2SOi, solutions over 
the concentration range of 10 to 107% by weight are known^^ 
and the HQ values of the solutions employed in this work 
fall in the range of -4.46 to -5.04. It is seen, there­
fore, that the acidities of these solutions are appropriate 
for the observation of cation fluorescence, though perhaps 
the maximum fluorescence was not attained. In addition, 
the experimental acidities were high enough to assure that 
reprotonation of the free base at room temperature was at 
least faster than the millisecond time required for signi­
ficant steady state production of free azulene. On the 
other hand, the HQ acidity of the 77 K samples might be 
considerably less than the -4.46 to -5.04 range. Long has 
shown that a fairly substantial decrease in the ratio,
[AzH*]/ [Az], occurs in perchloric acid solution over the 
temperature range of 19.9 to 7.3° C. This ratio in 1.93 
molar perchloric acid decreased from 0.470 at 19.9° C to
0.398 at 7.3° C. The samples of azulene dissolved in 60% 
by weight H2SCK in this work exhibited a substantial fluor­
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escence at room temperature and an even stronger fluores­
cence at 77 K. No evidence of azulene fluorescence was 
observed in these experiments; however, azulenium cation 
excitation was accomplished by 360 nm radiation. The 
azulene molecule absorbs only weakly at this wavelength.
The azulene fluorescence has maximum intensity near 375 
nm. It is likely that if any azulene fluorescence 
occurred, then it is completely hidden under the cation 
fluorescence.
It is, therefore, apparent that the excited azulenium 
cation is greatly different from the ground state azulenium 
cation. The ground state cation is characterized by major 
electronic rearrangement, relative to the electronic 
arrangement of the azulene molecule; this conclusion is 
suggested by the charge density calculations and by the 
drastic changes in the absorption spectrum. The excited 
azulenium cation, on the other hand, appears to converge 
towards the electronic distribution of the free base, 
azulene, a result suggested by the work of Heilbronner and 
Long. These workers have shown that in relatively dilute 
acid solution, the excited cation dissociates a proton.
The equilibrium distortion produced by this dissociation 
is characterized by a relaxation time which is on the order 
of milliseconds. In stronger acid solution the relaxation 
time decreases to the point of becoming immeasurably small 
by conventional photolytic techniques; however, it must be
206
assumed that the process still occurs even in strong acid 
solution. That is, the electron distribution in the 
excited azulenium cation approaches that of the excited 
azulene molecule. On the basis of these arguments, the 
series of events outlined in Figure 64 is proposed.
Processes 1 through 3 are essentially those discovered 
by Heilbronner and by Long. The absorption of light by 
azulenium cations dissolved in solutions of acidities less 
than the excited state pK value results in the dissocia­
tion of the proton and the shifting of the acid-base 
equilibrium. In order that the proton completely dis­
sociate, the electronic configuration of the azulenic 
species must either approach that of azulene or that of 
some other neutral species. Obviously, the logical choice 
is azulene since it has been observed to be a transient in 
flash experiments. As the acidity of the solution 
increases beyond the pK value of the excited state the 
rate of reprotonation rapidly increases until a steady 
state is attained. In other words, the complete dissocia­
tion of the proton cannot occur and the emissive processes 
become competitive.
The convergence of the electronic configuration of 
the excited azulenium cation towards that of the excited 
azulene molecule is at best a logical assumption. The 
theoretical calculations do, however, give some credibility 







representations of the azulenium cation in Figure 57 and 
of the azulene molecule in Figure 19 suggests some simi­
larity between the excited representations. Surprisingly, 
the lowest unoccupied orbital of the azulenium cation, 25, 
more closely resembles the second lowest unoccupied orbi­
tal, 26, of the azulene molecule. However, on the basis 
of the arguments presented here, this is precisely the 
expected result. That is, the emitting states of both 
the cation and the free molecule must have similar origins.
In terms of Figure 64, the excitation process produces 
an excited species whicli resembles the excited azulene 
molecule. As the acidity of the medium increases beyond 
the pK value of the excited cation, step 4, the emissive 
processes become competitive and emission occurs from a 
perturbed azulene-like species. If the azulenium cations 
emit from an azulene-like state, then in accord with the 
Franck-Condon principle, it is expected that the emissive 
decay would result in a Franck-Condon ground state that 
also closely resembles the azulene molecule; this process 
is indicated by step 5 in Figure 64. This species then 
decays through vibrational cascade to the equilibrium 
ground state cation.
Since the vibrational structure of an emission spec­
trum is determined primarily by the vibrational modes of 
the ground state, the vibrational frequencies of the cation 
should be those of the Franck-Condon ground state. These
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frequencies should, therefore, closely correspond to the 
vibrational frequencies of the azulene molecule fluores­
cence. The vibrational frequencies of the azulene mole­
cule and azulenium cation are compared in Table 20. The 
frequencies of the azulene molecule are those of the 
fluorescence of azulene in a polar solvent such as ethanol. 
Only three maxima are discernible both in the fluorescence 
spectrum of azulene in either polar solvents or the gas 
phase and in the fluorescence spectrum of the cation in 
sulfuric acid. These vibrational bands of the cation and 
of the molecule in ethanol and in the gas phase are not 
well defined. These particular spectra were chosen for 
comparison because the error in locating the bands should 
be approximately the same in each case. The approximate 
vibrational frequencies of the cation fluorescence are in 
reasonable agreement with those of the molecule fluores­
cence. A more precise comparison of the vibrational fre­
quencies must await higher resolution emission studies of 
the cation in sulfuric acid or some other more suitable 
solvent system.
In strong acid solution at room temperature azulene 
may be viewed to be an ionic species that has a rather 
flexible structure and consequently produces the structure­
less absorption and fluorescence. At 77 K the structure 
of the cation is much more rigid. This rigidity is clearly 
demonstrated by the dramatic shift of the fluorescence to
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TABLE 2 0
Vibrational Frequencies in the Fluorescence Spectra 
of Azulene and the Azulenium Cation
Azulene in Ethanol




Azulenium Cation in 60% H 2 SCu











higher energy and by the increase in vibrational structure 
of the fluorescence.
The ground state azulenium cation is interpreted to 
be a species which has electronic structure quite unlike 
the parent molecule. The excited azulenium cation is, 
however, viewed to be a species which closely resembles 
the azulene molecule that has been excited to the second 
excited singlet state.
Identical arguments are valid for all the hydrocarbon 
derivatives of azulene. The addition of alkyl or aryl 
substituents to the azulene nucleus effects only the 
ground and excited state pH values. The electronic char­
acter of the first excited state of each of the cations 
is similar to that of the azulenium cation since it has 
been shown that the fluorescence of each of the cations 
occurs from states of similar origin.
B. Cations Derived from Carbonyl Derivatives of Azulene
1. Absorptions and Emissions
The absorption and the emission spectra of the 
protonated carbonyl derivatives of azulene are sufficiently 
different from those of the protonated hydrocarbon deriva­
tives that they must be considered separately. The spectra 
of the members of this group of protonated azulenes are, 
however, similar to each other and, on this basis, may be 
considered as a group.
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Previous NMR and UV-Vis absorption studies have 
indicated that the carbonyl derivatives protonate at 
the substituent oxygen atom. The NMR spectra of these 
ions are devoid of the methylene peak which is charac­
teristic of protonation at carbon in the hydrocarbon 
azulene derivatives, and the UV-Vis absorption spectra 
do not suggest the presence of vinyltropylium cationic 
structures. In fact, Schulze and Long have reported that 
the ultraviolet absorption spectra of the protonated 
forms of 1-nitroazulene, 1-formylazulene, 1-trifluoro- 
azulene, and 1-formylguaiazulene are sufficiently similar 
to those of the uncharged parent molecules that the basic 
ring resonances have not been greatly modified.
In this work a larger number of carbonyl azulene 
derivatives are considered. The emissions of these 
cationic derivatives are reported for the first time.
It will be shown that the ground state structures of these 
derivatives range from that of a perturbed azulene to that 
of a mixture of the vinyltropylium structure and the per­
turbed azulene. The emissions, on the other hand, origin­
ate from an azulene-like excited state.
1,3-Diacetylazulenium Cation
The similarity of the absorption spectra of the 1,3- 
diacetylazulenium cation is made abundantly clear by the 
comparison of the two spectra in Figure 65. The absorption
FIGURE 65
1,3-Dfacetylozufene 
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data are tabulated in Table 21. Within the wavelength 
region 400-200 nm the spectra are essentially identical 
except for a displacement to longer wavelengths. On the 
other hand, the long wavelength band of the parent molecule 
which exhibits solvent shifts characteristic of II* + n 
transitions has essentially disappeared or has been 
shifted considerably to shorter wavelengths. The absorp­
tion band of the parent molecule at 390 nm appears to be 
little modified by the protonation since there is essen­
tially no wavelength displacement of the band and only a 
slight broadening.
The emission spectra are shown in Figure 66 and the 
emission data are tabulated in Table 21. The phosphores­
cence of the 1,3-diacetylazulenium cation somewhat resem­
bles those of the azulenium and 4,6,8-trimethylazulenium 
cations. This result is surprising since it suggests that 
the excited state and the Franck-Condon ground state of 
this cation are similar in origins to those involved in 
the phosphorescent process of the azulenium cation. On 
the other hand, the total emission spectrum suggests that 
a fluorescence also occurs in this general wavelength 
region. At least part of the fluorescence occurs at higher 
energy than the phosphorescence. This latter behavior is 
not at all similar to the behavior of the protonated 
hydrocarbon derivatives of azulene. These latter deriva­
tives all exhibit well-separated fluorescent and phosphor-
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7 7 K Phosphorescence 77 K Total Emission
Xmax_(nm)_ Energy (cm"1) Amax-lBEl Energy (cm-1)
533 18762 502(Sh) 19920
548 (Sh) 18248 529 18904
566 17668 547(Sh) 18282
559(Sh) 17889
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escent emissions. The fluorescence and phosphorescence 
of the 1,3-diacetylazulenium cation are produced by exci­
tation throughout the wavelength region from 360 to 4 50 
nm. No other emission was observed in any of the experi­
ments. The excitation spectra of these emissions, although 
not explicitly given, are somewhat different from the 
absorption spectra. The maximum in the excitation spec­
trum occurs near 4 33 nm and a shoulder is located near 
392 nm. The location of these maxima are in reasonable 
agreement with the absorption maxima; however, the rela­
tive intensities of the bands are reversed. This spectrum 
is, of course, uncorrected for source intensity and photo­
multiplier response. If these corrections were made per­
haps the relative intensities would be in the proper order. 
The uncorrected spectrum does, however, firmly establish 
the presence of an electronic transition in the neighbor­
hood of 4 30 nm in the absorption spectrum of the 1,3- 
diacetylazulenium cation.
The question may be raised as to the location of the 
lowest n* n transition of the carbonyl derivatives of 
azulene and their cations relative to the lowest n* ■*- II 
transition. The present work establishes the fact that 
the behavior of the 1,3-diacetylazulenium cation is some­
what similar to that of acetophenone. The absorption 
spectrum of acetophenone dissolved in ethanol consists 
of an II* «- n absorption band located near 320 nm and two
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other absorption bands located near 280 and 242 nm.
When dissolved in 60% H 2SOh, acetophenone exhibits only 
one absorption maximum near 25 3 nm and a longer wavelength 
shoulder near 285 nm. The absorption and emission spectra 
of acetophenone are given in Figures 67 and 68, respect­
ively. The emission of acetophenone dissolved in ethanol 
consists of a well-characterized n* -*■ n phosphorescence 
that is typical of carbonyl derivatives of benzene. When 
dissolved in 60% H2SOi*, acetophenone exhibits a structure­
less phosphorescence at slightly longer wavelengths than 
that of the neutral molecule. In addition, the shorter 
wavelength portion of the emission consists of a mixture 
of phosphorescence and a short-lived emission assumed to 
be a fluorescence of the perturbed system. On the other 
hand, 2-acetylnaphthalene, in which the II* +■ n is not the 
lowest energy absorptive transition, does not exhibit any 
emission when it is dissolved in 60% H1SO1*. Thus, on the 
basis of these arguments and those in an earlier chapter, 
it may be safely concluded that the lowest II* «- n transi­
tion of the 1,3-diacetylazulenium cation more closely cor­
responds to that of acetophenone than that of 2-acetyl- 
naphthalene.
1,3-Diacetyl-4,6,8-trimethylazulenium Cation
The dissociation of 1,3-diacetyl-4,6,8-trimethylazulene 
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relationship of the spectra of this protonated species to 
the spectra of the other protonated carbonyl derivatives 
of azulene has not, however, been discussed. The absorp­
tion and emission spectra of the protonated form of 1,3- 
diacety1-4,6,8-trimethylazulene are provided in Figures 
36 and 41 in an earlier section of this chapter. The data 
are tabulated in Table 22.
At the outset it must be stated that the absorption 
spectrum of this compound dissolved in 60% H2SOi, must of 
necessity consist of the absorption of the cation in 
question plus some absorption due to the 4,6,8-trimethyl- 
azulenium cation. The dissociation of this cation begins 
immediately after dissolution of the parent azulene in 60% 
HjSO^. The absorptions due to the 4,6,8-trimethylazulenium 
cation were minimized by recording the spectrum immediately 
after dissolution of the sample. Some small fraction of 
the 4,6,8-trimethylazulenium cation was, however, detect­
able no matter how rapidly the sample was prepared and 
analyzed. Excitation in the wavelength region from 330 
to 370 nm, the location of the lowest energy absorption 
band of the 4,6,8-trimethylazulenium cation, always pro­
duced the emissions of both species. The emission spectra 
recorded in this work were produced by excitation at wave­
lengths longer than 400 nm. Therefore, the emission spec­
tra represent the emission of only the species under study 
and are not the sum of two emissions.
2 2 2
TABLE 22
Absorption and Luminescence Frequencies of the
1,3-Diacetyl-4,6,8-Trimethylazulenium Cation
2 9 8 K Absorption
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The similarity noted between the ultraviolet portions 
of the absorption spectra of 1, 3-diacetylazulene and its 
cation is not observed in the spectra of 1,3-diacetyl- 
4,6,8-trimethylazulene and its cation. This different 
behavior may be due, in part, to the overlap of the two 
spectra; however, the actual absorption spectrum more 
closely resembles that of a carbon protonated derivative 
than an oxygen-protonated derivative. On the other hand, 
the greatly perturbed II* ■*- n transition, though weak, is 
readily observable near 440 nm.
The assignment of absorption bands other than that of
the JI* n transition is essentially impossible because the
two other absorption bands are the resultant absorption of 
at least two species. The phosphorescence excitation data 
in Table 22 and the time dependence spectra in Figure 38 
do help to eliminate the absorptions due to the 4,6,8- 
trimethylazulenium cation. The shoulders at 278 and 2 36 
nm and the primary maximum at 267 nm are clearly due to 
absorptions by the 4,6,8-trimethylazulenium cation. The 
phosphorescence excitation data suggest two transitions of 
the 1,3-diacetyl-4,6,8-trimethylazulenium cation at 443 
and 417 nm. A third transition is suggested by these data 
to be located at 370 nm. The absorption data indicate that 
a fourth transition is located near 259 nm.
The general characteristics of the phosphorescence
spectrum of the 1,3-diacetyl-4,6,8-trimethylazulenium
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cation somewhat resembles those of the corresponding 
spectrum of the azulenium and 4,6,8-trimethylazulenium 
cation. These characteristics are, however, much less 
similar to those of carbon protonated derivatives of 
azulene than are those of the 1,3-diacetylazulenium 
cation.
l-Formyl-4,6,8-trimethylazulenium Cation
The dissociation of l-formyl-4,6,8-trimethylazulene 
in 60% solution has also been discussed previously.
This reaction is somewhat slower than that involving 1,3- 
diacetyl-4,6,8-trimethylazulene and, as a result, the 
absorption spectrum of this species is the better resolved 
of the two. The absorption and emission spectra are pre­
sented in Figures 37 and 42. These data are tabulated in 
Table 23.
The similarity of the absorption spectra of the 
parent molecule and its cation is somewhat intermediate 
between that established for 1,3-diacetylazulene and its 
cation and that of 1,3-diacetyl-4,6,8-trimethylazulene and 
its cation. Again, it is not possible to determine pre­
cisely what amount of the reported spectrum is actually 
due to the 4,6,8-trimethylazulenium cation. At least a 
small amount is present immediately following dissolution 
of l-formyl-4 ,6 ,8-trimethylazulene in 60% H2SOi, since 
excitation near 350 nm produces the emissions characteris-
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TABLE 2 3
Absorption and Emission Frequencies of the 
l-Formyl-4 , 6,8-trimethylazulenium Cation
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tic of the 4,6,8-trimethylazulenium cation.
The dissociation of this molecule upon protonation 
prohibits a complete assignment of the absorption bands 
in this spectrum. It is obvious, however, that the band 
centered near 44 0 nm must be associated with the n* +- n 
transition or a H* +■ n transition which is localized pri­
marily on the carbonyl group since this absorption band 
disappears as the reaction proceeds. In addition, a 
second transition, which also disappears as the reaction 
proceeds, is located near 378 nm. The third transition 
which unequivocally belongs to the l-formyl-4,6,8-trimethyl­
azulenium cation occurs near 326 nm. Apparently the maxi­
mum at 268 nm results from absorption by the 4,6,8-tri­
methylazulenium cation; however, the origin of the shoulder 
at 283 nm is not clear; it could be due to a weak transi­
tion of the protonated carbonyl derivative. The maxima at 
24 0 and 2 31 nm also belong to the protonated carbonyl 
derivative since the 4,6,8-trimethylazulenium cation has 
only a single maximum at 234 nm.
The general characteristics of the phosphorescence 
spectrum of the l-formyl-4,6,8-trimethylazulenium cation 
resemble those of the phosphorescence spectra of the 
carbon-protonated derivatives of azulene. Just as the 
absorption spectra showed intermediate characteristics, it 
is found that the characteristics of the phosphorescence 
spectrum are intermediate between those for 1,3-diacetyl-
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a2ulene and its cation and those of 1,3-diacetyl-4,6,8- 
trimethylazulene and its cation.
1-Benzoylazulenium Cation
The absorption spectrum of 1-benzoylazulene dissolved 
in 60% H2SOh, shown in Figure 69, represents the first 
known example of a benzoylazulenium cation. At first, this 
spectrum appears to be completely different from those of 
other protonated carbonyl derivatives of azulene; however, 
a closer inspection reveals that this spectrum is indeed 
similar to that of 1,3-diacetyl-4,6,8-trimethylazulene 
dissolved in the same solvent; this 1-benzoylazulene spec­
trum more closely resembles that of a carbon-protonated 
azulene than that of an oxygen-protonated derivative such 
as the 1,3-diacetylazulenium cation.
The longest wavelength absorption band in the 1- 
benzoylazulenium cation spectrum consists of at least two 
transitions that are suggested by the maximum near 4 25 nm 
and the shoulder near 455 nm. Even though the intensity 
of this absorption band is considerably greater than that 
of the corresponding band in the spectra of the other 
carbonyl derivatives, this band must be due to the n* ■*- n 
and II* +• II transitions which are primarily localized on 
the carbonyl substituent. The third obvious transition 
of the 1-benzoylazulenium cation occurs near 348 nm and 
the fourth near 306 nm. The remainder of the absorption
FIGURE 69
l-Benzoylazulene
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spectrum is rather poorly defined.
The firmest evidence yet presented for carbon proton­
ation of azulene derivatives that contain carbonyl groups 
is witnessed in Figures 7 0 and 71. These spectra repre­
sent the emissions produced by excitation into the absorp­
tion band at 348 nm and into that at 4 30 nm, respectively.
It should be pointed out here that these absorption maxima 
of this substance at 77 K are shifted to longer wavelengths. 
The maximum in the excitation spectrum of those emissions 
in Figure 70 occurs near 358 nm. The excitation maximum 
for the emission in Figure 71 occurs near 470 nm and a 
shoulder is found near 4 05 nm. The absorption, emission 
and excitation data are tabulated in Table 24.
The most intense emission of the 1-benzoylazulene 
cation is the fluorescence shown in Figure 70. Some indi­
cation of the relative magnitudes of these emissions may
be deduced from this figure. The experimental conditions 
under which the fluorescence was recorded produce only a 
trace of phosphorescence that is indicated in the long 
wavelength tail of the fluorescence. The phosphorescence 
in Figure 70 was produced by excitation at the same wave­
length as was the fluorescence. This spectrum was obtained
through the use of a Becquerel type phosphoroscope so that 
the much more intense fluorescence was eliminated. On the 
other hand, the emission recorded in Figure 71 is even 
weaker them the phosphorescence. This third emission was
FIGURE 70
l-Benzoylozulene
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produced by excitation into the 4 30 nm absorption band 
so that neither of the two higher energy emissions could 
be excited. Each of the three emissions reproduced here 
is, therefore, relatively free from interference from the 
other emissions.
The emissions produced by excitation near 358 nm are 
very similar to those of the azulenium and 4,6,8-trimethyl­
azulenium cation. In fact, the wavelength maximum of the 
fluorescence occurs at 399 nm while that of the azulenium 
cation occurs at 398 nm. The general characteristics of 
both fluorescence spectra are also very similar. The 
phosphorescence spectra of the two cations are also similar. 
The wavelength maximum of that of the 1-benzoylazulenium 
cation is slightly shifted to longer wavelengths relative 
to that of the azulenium cation, but the band contours are 
very similar.
The emission produced by excitation into the longest 
wavelength absorption band is quite unlike most of the 
emissions reported in this work. It is, however, a total 
emission spectrum and, as such, compares very favorably 
with the total emission spectrum of the 1,3-diacetyl­
azulenium cation. Regrettably, in these experiments no 
attempt was made to isolate a phosphorescence from this 
emission. It may be safely concluded, on the basis of the 
nature of the emissions of the 1,3-diacetylazulenium cation 
and of the emission of the 1,3-dibenzoylazulenium cation
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which will be presented in the following paragraphs, that 
the total emission spectrum contains both fluorescence and 
phosphorescence.
1.3-Dibenzoylazulenium Cation
The absorption spectrum of 1,3-dibenzoylazulene 
dissolved in 60% ^SO,, is similar to that of 1-benzoyl- 
azulene dissolved in a similar solvent. The absorption 
and emission spectra are given in Figures 72 and 73.
These data are summarized in Table 25. Comparatively, 
the longest wavelength absorption band in the spectrum 
of the 1,3-dibenzoyl derivative is better resolved and the 
presence of two transitions is more clearly indicated than 
they are in the case of the 1-benzoyl derivative. Surpris­
ingly, however, the entire spectrum is shifted to shorter 
wavelengths. The maximum of the long wavelength band is 
located near 40 3 nm as compared with 425 run for the 1- 
benzoylazulenium cation. The long wavelength is located 
at 436 nm as compared with 455 nm for the 1-benzoylazulenium 
cation. The ultraviolet portion of the spectrum of the
1.3-dibenzoylazulenium cation is perhaps less resolved 
than that of the mono-benzoyl derivative. The maxima in 
this region are located at 338, 305 and 242 nm.
The phosphorescence of the 1,3-dibenzoylazulenium 
cation again resembles that of the l-formyl-4,6,8-trimethyl- 
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Absorption and Emission Frequencies of the
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into both the 3 38 and the 403 nm absorption bands. A 
very weak emission has also been observed at wavelengths 
near 400 nm; however, the spectrum has a poor quality and 
is not herein recorded. This emission somewhat resembles 
the fluorescence of a carbon-protonated azulene and is 
produced only by excitation into the 3 38 nm absorption 
band.
The total emission spectrum of this cation indicates 
that a fluorescence also occurs in nearly the same wave­
length region. This behavior is similar to that of the
1,3-diacetylazulenium cation.
The protonation of carbonyl derivatives is thus seen 
to be considerably more complex than the protonation of 
hydrocarbon derivatives of azulene. The absorption spec­
tra of the hydrocarbon derivatives dissolved in 60% HjSO,, 
indicate that major rearrangements of the electronic 
structure occur upon protonation. On the other hand, it 
is found that the emissions of these species occur from 
"azulene-like" excited states to Franck-Condon ground 
states which are also "azulene-like". The absorption 
spectra of the carbonyl derivatives of azulene dissolved 
in 60% H2 S(\ do not follow a specific pattern. The spec­
trum of the 1,3-diacetylazulenium cation is, in some 
respects, nearly identical with that of the parent mole­
cule. This result indicates that very little electronic 
rearrangement has occurred upon protonation. By contrast,
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the absorption spectrum of 1,3-diacetyl-4,6,8-trimethyl- 
azulene dissolved in 60% H2S0„ more closely resembles that 
of a carbon-protonated azulene than that of the 1,3- 
diacetylazulenium cation. This result again suggests 
that major electronic rearrangement has occurred upon 
protonation. The extent of the electronic rearrangement 
of the other protonated carbonyl derivatives lies inter­
mediate between these two extremes. The absorption spec­
tra of all the protonated carbonyl derivatives have in 
common a long wavelength absorption band which undoubtedly 
consists of two electronic transitions.
The emission spectra of these derivatives are very 
similar despite the apparent differences in the extent 
of electronic rearrangement in the ground state. The 
phosphorescences of the cations of 1,3-diacetyl- and
1,3-dibenzoylazulene and of 1-formyl- and 1,3-diacetyl- 
4,6,8-trimethylazulene are indeed very similar. Unfor­
tunately, no attempt was made to isolate the phosphores­
cence from the total emission spectrum of the 1-benzoyl- 
azulenium cation. In addition, the total emission spectra 
of the 1-formyl- and 1,3-diacetyl-4,6,8-trimethylazulenium 
cations were not recorded. The available evidence is, 
however, sufficient to justify the statement that all 
these emissions have common origins.
The situation is somewhat different for the 1-benzoyl- 
azulenium cation. Long wavelength excitation produces
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emissions similar to the other cations of this group; but, 
excitation into the second absorption band produces emis­
sions which undoubtedly arise from a carbon-protonated 
species.
2. Theoretical Calculations
In an attempt to determine the nature of the 
electronic transitions of the protonated carbonyl azulenes, 
CNDO/S calculations have been performed for the 1,3- 
diacetyl- and the 1-benzoylazulenium cations. The bond 
distances and bond angles of the cation in these calcula­
tions are again identical with those of the unprotonated 
parent. The success or failure of these calculations to 
predict the electronic absorption spectrum of these cations 
should give some indication of the validity of the model 
which has been proposed previously.
The extent of the calculated electronic rearrangement 
of the 1,3-diacetylazulenium cation with respect to its 
parent is demonstrated in Table 26. In order to more 
accurately view the extent of the electronic rearrangement 
of the azulene nucleus, the differential charge densities, 
Aa, of azulene-azulenium cation and 1,3-diacetylazulene-
1,3-diacetylazulenium cation are compared in Table 27. In 
this table a negative sign indicates an increase in charge 
density and a positive sign indicates a decrease in charge 
density which occurs upon protonation. Obviously, there 
is some electronic rearrangement within the azulene nucleus
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TABLE 26
Comparison of the Charge Densities of
1,3-Diacetylazulene and the
1 , 3-Diacetylazulenium Cation
Cation Molecule
C l -0.104 -0.065
C a 0. 044 -0.009
h 2 0. 042 0.031
C 3 -0.063 -0.065
c., 0. 042 0.046
0. 075 0.056
C s 0. 045 -0.020
h 5 0. 046 0.022
c 6 0.041 0.039
H 6 0. 046 0.023
C? 0.037 -0.020
H 7 0. 039 0. 022
c 9 0. 015 0.047
He 0.035 0.056
c 9 0. 042 0. 018
C i  o 0. 063 0.018
C i  l 0. 302 0.223
O l  2 -0.060 -0.361
H 1 2 0.204
C l  3 -0.015 -0.040
H i  3 0.052 0. 028
H i  3 0. 052 0. 022
H i  3 0. 052 0. 028
Ci * 0.233 0.223
O l  s -0.332 -0.361
C i  e -0.032 -0.040
H 1( 0. 040 0.028
His 0.016 0.021
H i  6 0. 040 0. 028
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TABLE 2 7 
Differential Charge Densities
Atom Azulene 1,3-Diacetylazulene
C i 0.104 -0.039
H i  ,  i 0.133
C 2 0.083 0.053
h 2 0. 047 0.011
c 3 0. 036 0. 002
H j 0.039
c k -0.002 -0.004
Hi* 0. 026 0.019
C 5 0.108 0. 065
H s 0.044 0. 024
c 6 0.011 0. 002
He 0.031 0.023
C? 0.104 0. 057
H? 0.043 0. 017
C e -0.006 -0.032
H e 0.023 -0.021
C 9 0.089 0.024
C i o 0. 085 0. 045
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in both cases; but, the rearrangement is much more exten­
sive in the case of the azulene-azulenium cation pair.
These charge density calculations suggest that while 
the IT* ■*- II transitions of azulene are greatly affected by 
protonation those II* *«- IT transitions localized primarily 
on the azulene nucleus of 1 ,3-diacetylazulene should be 
affected by the protonation to a much smaller extent. The 
n* ■*- n and IT* *■ II transitions localized primarily on the 
acetyl groups, on the other hand, should be greatly 
affected by the protonation.
The primary molecular orbitals predicted by these 
calculations are shown in Figure 74, and the calculated 
energies, oscillator strengths and configurations inter­
action coefficients are summarized in Table 28. The cal­
culated energies are in reasonable agreement with experi­
ment. Two nearly isoenergetic transitions are predicted 
at 411 and 409 nm. The latter transition is predicted to 
be an II* •*- n transition and the 411 nm transition has 
n* «- II character. The third predicted transition occurs 
at 355 nm. The origins of this transition are practically 
identical with those of the 411 nm transition. In the 
wavelength region from 243 to 314 nm, six transitions are 
predicted. Two of this number are primarily IT* «- n in 
character and, thus, would be expected to be rather weak. 
The experimental absorption spectrum indicates at least 










Configuration Interaction Coefficients, Oscillator Strengths and 
Transition Wavelengths of the 1,3-Diacetylazulenium Cation
1 2 3 4 5 6 7 8 9 10 11
41 + 40 0.64 0.69 0.20 0.09 0.18 0.05 0.1542 v 40 0.64 0.67 0.25 0.18 0.10 0.09 0.05 0.0643 40 0.05 0.40 0.50 0.72 0.20 0.08 0.0744 «* 40 0.09 0.15 0.22 0.5345 *- 40 0.05 0.06 0.05 0.07 0.50 0.0546 4- 40 0.08 0.05 0.10 0. 3241 «- 39 0.81 0.5642 4- 39 0.23 0.55 0.76
43 +■ 39 0.54 0.06 0.0644 «- 39 0.57 0.05 0.1545 4- 39 0.33 0.17 0.15
47 «- 39 0.47 0.16
41 +■ 38 0.24 0.20 0.86 0.18 0.25 0.07 0.1942 + 38 0.30 0.12 0.08 0.74 0.42 0.24 0.08 0.2843 4- 38 0.16 0.22 0.32 0.86 0.16 0.20
44 4> 38 0.08 0.21 0.33
46 *- 38 0.08 0.11 0.0541 4- 37 0.15 0.09 0.19 0.15 0.6742 4- 37 0.18 0.06 0.29 0.16 0.6743 4- 37 0.08
41 4- 34 0.09 0.1942 4- 34 0.06 0.05
X 411 409 355 314 293 289 283 258 243 202 211
f .040 0 .114 0 .058 0 .360 . 369 .103 .309 .395
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transitions are predicted at 201 and 202 nm.
The theoretical calculations are, thus, found to 
reproduce the experimental transitions of the 1 ,3-diacetyl­
azulenium cation with reasonable accuracy. The calculated 
energies are, in each case, somewhat higher than the 
experimental energies. The accuracy with which these 
calculations predict the experimental spectrum is somewhat 
surprising since the calculations for the 1,3-diacetyl- 
azulene molecule do not accurately predict the bands of 
the experimental spectrum, especially the II* n transi­
tions .
The apparent success of the CNDO/S calculations in 
predicting the electronic absorption spectra of the pro­
tonated azulenes also extends to a limited degree to the 
oxygen-protonated 1-benzoylazulenium cation. The predic­
tions, including the location of the lowest IT* «- n transi­
tion, of these calculations for the 1 ,3-diacetylazulenium 
cation proved to be rather accurate despite their apparent 
failure to predict the It* n transitions of the parent 
molecule. Insofar as 1-benzoylazulene is concerned, these 
calculations are somewhat accurate in predicting the elec­
tronic absorption spectrum of the oxygen-protonated cation; 
however, the calculations do not accurately predict the 
II* «- n transitions of either the molecule or the ion.
The experimental absorption and emission spectra 
indicate that, in the case of the 1-benzoylazulenium
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cation, two positively charged species are present in 60%
H 2SO,, solution. The emission spectra clearly suggest the 
presence of an oxygen-protonated and a carbon-protonated 
species. For this reason, theoretical calculations have 
been performed on both species. The predicted oscillator 
strengths, wavelengths of transitions, and configurations 
interaction coefficients of the oxygen-protonated species 
are shown in Table 29 and the orbital representations are 
shown in Figure 75. The corresponding data for the carbon- 
protonated species are shown in Table 30 and Figure 76.
The geometry of the oxygen-protonated species that 
was employed in these calculations is identical with that 
of the uncharged parent molecule and assumes a completely 
planar configuration, even though this planarity is perhaps 
improbable. The geometry of the carbon-protonated species 
required extensive modification. Experimental studies of 
other 1-substituted azulenes that protonate at carbon 
suggest that protonation ocucrs at the position of substi­
tution rather than at the unoccupied 3-position. Protona­
tion of 1-benzoylazulene at the 1-position and the subse­
quent rehybridization of that carbon assures that the 
benzoyl- and azulene portions of the molecule may no 
longer assume a co-planar configuration. In fact, a model 
shows that such protonation drastically reduces the number 
of possible configurations. Calculations were attempted 
on two of these configurations. The geometry of one model
TABU; 29
Configuration Interaction Coefficients, Oscillator Strengths and 
Transition Wavelengths of the Oxygen-Protonated 1-Benzoylazulenium Cation
1 2 3 4 5 6 7 8 9 10 11 12
44 ♦ 43 0.47 0.84 0. 33 0.09 0.05 0.19
45 4- 43 0.78 0.47 0.13 0.13 0.12
46 + 43 0.05 0.65 0.18 0.54 0. 35 0. 30 0*13
47 4- 43 0.09 0, 07 0.07 0.11 0.11 0. 36
48 4- 43 0.09 0.11
44 + 42 0.28 0.20 0. B6 0.25 0.11 0.13 0.09
45 + 42 0.17 0.10 0.28 0.65 0.43 0.42 0.13 0.10
46 4- 42 0.20 0.14 0.60 0.51 0.37 0.12
47 ■4- 42 0.18 0.13 0.22
48 4- 42 0.11 0.18
44 4- 41 0.06 0.11 0.73 0.06 0.59
45 4- 41 0.06
46 ■4 41 0.06 0.07 0.44 0.20
47 4- 41 0.15 0. 16
48 4 41 0.18 0.48
44 4- 40 0.89 0.16 0.18
45 4- 40 0.87 0.27
46 4 40 0.40 0.29 0.35
47 4 40 0.19 0.11 0.37
48 4 40 0. 32 0. 39
44 4 39 0.10 0.14 0.14 0.43 0.76
45 4- 39 0.10 0.08 0.14 0.10
46 4 39 0.08 0.09 0.10 0.31
47 4 39 0. 34 0.12 0.35
44 4 38 0.09 0.07 0.19
45 4 36 0.13 0.27 0.18
44 4 37 0.05 0.11 0.68
45 4 37 0.07 0.05 0.16
X (nm) 4 28 379 332 313 300 289 256 256 247 240 238 235




Configuration Interaction Coefficients, Oscillator Strengths and 
Transition Wavelengths of the Carbon-Protonated 1-Benzoylazulenium Cation
1 2 3 4 5 6 7 8 9 10 11
44 «- 43 0.79 0.35 0.29 0.30 0.09 0.08
45 + 43 0.31 0.81 0.27 0.22 0.09 0.15 0.10 0.2346 + 43 0.13 0.08 0.44 0.2149 + 43 0.11 0.13 0.0744 «- 42 0.17 0.06 0.09 0.18 0.94 0.08
45 + 42 0.07 0.17 0.08 0.12 0. 36 0.90
46 +■ 42 0.17 0.1048 <- 42 0.08 0.6744 +■ 41 0.12 0.12 0.89 0.36 0.07 0.08
45 «- 41 0.11 0.09 0.06 0. 97 0.12 0.11
46 ♦ 41 0.15
47 + 41 0.09 0.68
44 40 0.33 0.16 0.86 0.11 0.11 0.15 0.12
45 <- 40 0.21 0.25 0.85 0.21 0.14 0.14 0.14
46 «- 40 0.24 0.07 0.08
47 «- 40 0.22
49 40 0.19 0.22 0.09
44 39 0.23 0.07 0.10 0.06 0.44 0.71
45 39 0.23 0.10 0.66 0.33
X (nm) 355 340 297 284 277 265 264 253 245 232 224








holds the n-electron system of the phenyl ring and that 
of the carbonyl group co-planar while this entire system 
is essentially perpendicular to the H-electron system of 
the azulene fragment. This model leads to the location 
of the phenyl group above the five-membered ring of 
azulene and the carbonyl oxygen extends outward from 
carbon atom one of azulene. Such a model failed to attain 
convergence within 7 5 iterations. The geometry of the 
second model holds the n-electron system of the carbonyl 
group perpendicular to that of the phenyl ring. In this 
configuration the carbonyl oxygen extends upward over the 
five-membered ring of azulene and the phenyl group extends 
outward from carbon atom one of azulene. The plane of the 
phenyl group is inclined slightly to that of the azulene 
fragment. Such a model attained convergence without 
difficulty.
As outlined earlier, the predicted n *  +■ n transitions 
occur at energies that are much too high. This result may 
be due to the geometry employed in the calculations. The 
latter geometry outlined above indicates that the n-elec- 
tron system of the carbonyl group is unable to interact 
to any large extent with either the phenyl group or the 
azulene fragment. This minimization of interaction could 
raise the energy of the n* «- n transitions. It must be 
remembered, however, that the calculated energies of the 
n* «- n transitions of 1-benzoylazulene, 1,3-dibenzoyl-
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azulene, and the oxygen-protonated 1-benzoylazulenium 
cation were also much too high. In each of these cases 
the assumed geometry is planarj hence, maximum interaction 
of the sub-groups should be possible.
In addition to the two protonated species of 1-benzoyl- 
azulene just described, one other protonated species is 
remotely possible* Protonation might occur at carbon atom 
three of the azulene nucleus. Calculations were also per­
formed on this model. Even though the II* «- n transition 
is the lowest eneggy transition predicted, the results of 
this calculation are somewhat ridiculous in that the three 
highest occupied molecular orbitals are localized primarily 
on the benzoyl fragment. The data from this calculation 
are, therefore, not summarized in this work.
At this point it should be mentioned that the calcu­
lations indicate quite different origins for one of the 
two lowest energy transitions of the 1-benzoylazulenium 
cation compared with those of the 1,3-diacetylazulenium 
cation. The three lowest unoccupied orbitals are rather 
similar for both protonated species of 1-benzoylazulene 
and for the oxygen-protonated 1,3-diacetylazulene. In 
fact, the resemblance of che several lowest unoccupied 
orbitals of all the protonated species is somewhat surpris­
ing. The highest occupied orbitals of the oxygen-protonated
1,3-diacetylazulene and 1-benzoylazulene are also very 
similar with the single exception of the orbitals that
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have n-character. On the other hand, it is found that 
the occupied orbitals of the carbon-protonated 1-benzoyl­
azulene are very different from those of the oxygen- 
protonated species, as was expected.
In the case of 1,3-diacetylazulenium cation, the 
calculations predict a long wavelength absorption band 
which is composed of two practically isoenergetic elec­
tronic transitions. One of these transitions has primarily 
n* +- n character and the other has primarily II* ■*- n charac­
ter. In both cases the n* orbital is influenced consider­
ably by the carbonyl function. In the case of the 1- 
benzoylazulenium cation, the calculations predict a long 
wavelength absorption band that is composed of two somewhat 
energetically separated transitions, both of which are 
n* ■«- II in character.
3. Discussion and Conclusions
In contrast to the single, somewhat straight­
forward picture presented by the protonated hydrocarbon 
derivatives of azulene, the protonated carbonyl derivatives 
present a complex picture; no single model can accurately 
account for the experimental data. The four hydrocarbon 
derivatives studied in this chapter are adequately repre­
sented by a cationic model that closely corresponds to the 
model of azulene itself. Orbital mixing, that is suggested 
by the tables of configuration interaction coefficients, 
becomes important only in the third or higher energy
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transitions. The two lower energy transitions of each 
cation are predicted to have essentially identical origins, 
and this conclusion is confirmed by the similarity of the 
absorption and fluorescence spectra. The protonated 
carbonyl derivatives, on the other hand, exhibit consider­
able orbital mixing in all the transitions. These deriva­
tives may exhibit absorption spectra that are nearly iden­
tical with that of the uncharged parent or with that 
expected for a mixture of oxygen- and carbon-protonated 
derivatives. The protonated carbonyl derivatives may also 
undergo dissociation reactions to yield the cation of the 
parent hydrocarbon. Certainly, no single model could 
represent all these data.
Certain facets of the photophysics of the protonated 
carbonyl derivatives are, however, surprisingly similar.
For example, the phosphorescences of all of these deriva­
tives are indeed very similar, and the total emission 
spectra are similar. Unfortunately, the total emission 
spectra and the pure phosphorescence spectra of all these 
derivatives were not recorded. The available data are, 
however, sufficient to establish a general pattern. The 
similarity of these emissions from derivative to derivative 
is quite surprising since the absorption spectra are appar­
ently so different. This paradox can be explained once 
again by bringing to mind the Franck-Condon principle and 
the idea of excited-state proton dissociation.
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The room temperature absorption spectra of the pro­
tonated carbonyl derivatives, as well as those of the 
protonated hydrocarbon derivatives, represent absorption 
of radiant energy to a Franck-Condon excited state. The 
geometry of this Franck-Condon excited state is, of course, 
determined by the equilibrium ground state geometry and is 
different for each of the protonated carbonyl derivatives. 
Thus, the absorption spectra of each member of the closely 
related series are also different. The Franck-Condon 
excited state then decays to the equilibrium excited state 
from which emission occurs. This radiative decay again 
results in a Franck-Condon ground state, which through 
vibrational cascade decays to the equilibrium ground state. 
In order that the emissions of these derivatives resemble 
each other two requirements must be met. First, the orbi­
tal origins of these emissions must be similar and, in a 
closely related series such as these carbonyl derivatives 
of azulene, this assumption is not unreasonable. The theo­
retical calculations also lend credibility to this assump­
tion since the lowest unoccupied orbitals of the 1-benzoyl- 
and the 1,3-diacetylazulenium cations are similar. Second, 
the geometries of the equilibrium excited states must be 
identical or nearly so. This identity also insures that 
the Franck-Condon ground states will also be nearly iden­
tical. Again, for a series of closely related compounds, 
this assumption is not unreasonable. Once these two
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assumptions are accepted, it becomes logical to continue 
one step further with this line of reasoning. If the 
above assumptions are reasonable and if the absorption 
spectra do, in fact, contain contributions from both 
oxygen- and carbon-protonated species, then the equili­
brium excited state geometries of the two protonated 
species must converge toward some single geometry. The 
most logical choice in this situation is the equilibrium 
excited state geometry of the neutral molecule. This con­
clusion would seem to imply that dissociation of the proton 
also occurs in the excited states of the carbonyl deriva­
tives of azulene.
It is assumed that the equilibrium excited states of 
the oxygen- and carbon-protonated species converge toward 
some particular geometry. It is not necessary that they 
actually attain identical geometries; hence, the above 
arguments are valid only if both the oxygen- and carbon- 
protonated species luminesce. The luminescence of proton­
ated hydrocarbon derivatives of azulene provides evidence 
that carbon-protonated species luminesce; that is, if the 
extention might be made to carbon-protonated carbonyl 
derivatives. The 1,3-diacetylazulenium cation provides a 
sure example of a luminescent oxygen-protonated azulene.
The best example is, however, the protonated 1-benzoyl­
azulene. If the 1-benzoylazulenium cation is excited by 
radiant energy the wavelength of which corresponds to
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those of the lowest energy absorption band, then only the 
emissions of the oxygen-protonated species are observed. 
This excitation energy is insufficient to excite the 
carbon-protonated species. If this cation is excited by 
radiant energy the wavelength of which corresponds to those 
of the second absorption band in the spectrum of the 1- 
benzoylazulenium cation, then the primary emissions ob­
served are those of the carbon-protonated species. Thus, 
this cation provides direct evidence that both protonated 
species are capable of luminescence.
CHAPTER FIVE
REACTIONS OF AZULENES
A. Introduction and Literature Review
Both the reactions and the luminescence of azulene 
might be described to be "anomalous". It has been observed 
in these laboratories that azulene in a large number of 
halogenated solvents and in other solvent systems undergoes 
a slow transformation. These reactions at first appeared 
to be random; but it is now believed that the reactions 
follow a definite pattern.
It is the purpose of this chapter to review the reac­
tions of azulene with some carbonyl derivatives in acidic 
solution. These reactions have led to the development of 
a method for the determination of aromatic aldehydes, 
aliphatic ketones and formaldehyde. In addition to those 
reactions to be described in the analytical procedure, 
several other reactions of the same type are discussed in 
relation to the absorptive and emissive properties of the 
products of these reactions. Finally, these reactions 
will be discussed in relation to certain anomalous charac­
teristics of azulene dissolved in various solvents.
Reid and co-workers*14 have observed that a methylene 
chloride solution of guaiazulene became colorless when it 
was saturated with anhydrous hydrogen chloride. The addi­
tion of benzaldehyde to such a solution caused the preci­
pitation of orange crystals. These authors found that the
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blue color of the azulene did not disappear when a solution 
of guaiazulene in ether was saturated with HC1, but the 
addition of benzaldehyde still resulted in the precipita­
tion of orange crystals. The crystals were found to be 
unstable when they were exposed to air, but they were found 
to be reasonably stable in glacial acetic or similar acids. 
Although the experiments were done with the crude material, 
the analytical results suggested a reaction between one 
molecule each of benzaldehyde and guaiazulene.
iPriPr
, Benzaldehyde
Some substituted benzaldehydes were used and the 
same procedure was followed; the reaction sequence seemed 
to be generally applicable when aromatic aldehydes were 
used, but aliphatic aldehydes and ketones either did not 
react or gave products of some other type. Some of the 
aldehydes included in this first work were benzaldehyde, 
m-bromo-, o-methoxy- , £-dimethylamino- , and £-nitro- 
benzaldehyde.
The salts produced in these reactions were found to
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undergo direct reduction, either catalytically with hydro­
gen or directly with lithium aluminum hydride, to the 
corresponding 3-substituted guaiazulenes.
Reid and Kirby^~* in a later paper recorded a modi­
fied procedure for the preparation of these benzylidene 
azulenium salts. This modification involved the use of 
70% perchloric acid in the place of hydrogen chloride and 
the use of acetic acid, tetrahydrofuran or acetonitrile as 
solvents in the place of ether or methylene chloride. The 
perchlorates were stable crystalline materials which were 
capable of being repeatedly recrystallized. The salts 
reported in this study were prepared for guaiazulene and 
eleven substituted benzaldehydes. The condensation pro­
ducts of guaiazulene with 1-naphthyl-, 3-pyrenyl-, 2-furyl-, 
2-thienyl-, 3-indolyl-, 2-pyridyl-, 4-pyridyl-, 2-quinolyl-, 
and 4-quinolyl aldehyde were also prepared. These perchlor­
ates in acetic acid exhibited visible absorption maxima 
that ranged from 410 to 647 nm and log c that ranged from 
3.7 to 4.98.
It was reported that unsubstituted azulene condensed 
with all the aldehydes mentioned above, but only those 
aldehydes which contained electron releasing substituents 
gave products that were capable of isolation. It was shown 
that the products derived from many aldehydes were diazu- 
lenyl methane derivatives which were formed by the electro- 
phi lie substitution of unchanged azulene by the methylene 
azulenium cation.
These authors also found that azulene aldehydes 
form the hydroxymethylene azulenium cation in acid 
solution.
These species were isolated as crystalline perchlorates. 
The product formed from 3-formylguaiazulene was stable, 
but those salts derived from 1-formyl- and 1,3-diformyl- 
azulene were reconverted to the parent aldehyde by atmos­
pheric moisture. Di- and trinuclear species were also 
isolated as the perchlorates. It was found that 1-formyl- 
azulene condensed with azulene or guaiazulene to form the 
dinuclear species shown below.
OH
263
The conformation of this diazulenylmethane derivative was 
not discussed. 1,3-Diformylazulene underwent double 
condensation with either azulene or guaiazulene to give 
the trinuclear di-perchlorate. The dinuclear salts have 
molar absorptivities of about 105 at wavelengths greater 
than 615 run. The intensity of the long wavelength absorp­
tion band of the trinuclear species was much lower than 
that of the dinuclear species.
In a third paper on the condensation reactions of 
1-formylazulenes and 1-ethoxymethylene azulenium salts 
with other azulenes, Kirby and Reid^^ reported the synthe­
sis and isolation of several di-azulenyl methane salts.
These compounds represent the only known class of poly- 
methine dyes the cations of which contain only carbon.
The large number of these salts that were prepared would 
be difficult to list here/ but it should suffice to list 
the various reactants. 1-Formylazulene and l-formyl-3- 
methylazulene were each condensed with azulene, guaiazulene,
4,6,8-trimethylazulene and 1-methylazulene. The general 
structures of these derivatives is the same as that of the 
diazulenyl methane salts given previously.
It was also discovered that azulene, 1-methylazulene, 
guaiazulene and 4,6,8-trimethylazulene underwent condensa­
tion with an excess of ethyl orthoformate in the presence 
of strong acids to give 1-ethoxy-methylene azulenium salts. 
These salts hydrolyzed readily with water to give the
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corresponding 1-formylazulenes. The salts also underwent 
further condensations with azulenes to yield the 1,1-diazu- 
lenyl methane salts. Visible absorption data were given 
for all these salts, and it was generally observed that 
the position of the visible absorption maxima did not vary 
with a change in counter-anion but depended primarily on 
the number and position of alkyl substitution into the 
azulene nucleus. All azulene derivatives are observed to 
have this kind of behavior. The absorption maxima occurred 
at wavelengths from 618 to 680 nm and log e ranged from 
4.93 to 5.08.
It was observed that 3-formylguaiazulene and 1-formyl-
4,6,8-trimethylazulene did not condense readily with other 
azulenes. The authors rationalized this low reactivity in 
terms of the deactivation of the protonated aldehyde func­
tion by the electron releasing alkyl substituents. It was, 
however, found that guaiazulene and 4,6,8-trimethylazulene 
condensed with ethyl orthoformate to form the 1-ethoxy­
methylene azulenium salts which were reactive towards 
other azulenes.
ALater, Kirby and Reid discovered that some azulenes 
condensed with a variety of aliphatic aldehydes in the pre­
sence of perchloric acid. This list of aldehydes includes 
simple, ag-unsaturated, a-oxo-, B-oxo-, a-cyano- and 
a-nitro-aldehydes and dialdehydes. For the most part 
these salts were somewhat unstable, although they could
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be studied without recrystallization. The products formed 
in the cases of multi-functional aliphatic aldehydes did 
not correspond to a one-to-one condensation of aldehyde and 
azulene. In several cases at least some of the diazulenyl 
methane derivatives were included in the final reaction 
products. Visible absorption data were given for all these 
derivatives and, while they may be data from impure com­
pounds, the data generally have the same characteristics 
as those of other azulene condensation products. The 
absorption maxima occur in the region of 400 to 700 nm
and log E ranges from 2.70 to 5.49.
117Hafner and co-workers have also studied several 
of the alkylidene-, as well as the benzylidene-azulenium 
salts. These authors investigated the use of iodide, 
perchlorate, and tetrafluoroborate as counter-ions. The 
benzylidene-azulenium perchlorates and the tetrafluoro- 
borates were found to be generally stable in normal atmos­
phere; but the alkylidene-azulenium salts decomposed 
rapidly in the air at room temperature.
These authors prepared a number of the salts previ­
ously reported by Reid and co-workers as well as many new 
ones. Azulene, 4,6,8-trimethylazulene and 6-hydroxy-4,8- 
dimethylazulene were employed as the central nuclei in 
many reactions. Physical properties and absorption data 
were tabulated for all the prepared compounds.
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B. An Analytical Procedure Based on Reactions of Azulene
A method for the determination of aromatic aldehydes, 
aliphatic ketones and formaldehyde has been developed.
This azulene procedure has some advantages over the exist­
ing azulene-based procedure for determining aromatic alde­
hydes. The reaction conditions do not dehydrate aldehyde 
precursors to the corresponding aldehyde. Free aldehyde 
may then be determined without interference from its pre­
cursors. A second advantage is that the azulene reagent 
is prepared in ethanol, wherein it is stable indefinitely.
The author of this work is primarily interested in 
the luminescence and absorption spectroscopy of azulenes 
and is not interested in developing analytical techniques; 
consequently it is sufficient to point out the general 
method and leave the development of details and applica­
tions to those interested in analytical methods. The 
development of this technique resulted from many frustrat­
ing experiences with azulene in acidic media. Numerous 
experiments in various acidic media were destroyed by 
reactions now believed to be equivalent to those described 
herein.
It is well established that aliphatic and aromatic 
aldehydes and their precursors are major pollutants in 
urban atmospheres and elsewhere in the environment. 
Formaldehyde, for example, is produced in all combustion 
processes including the internal combustion engine. This
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species is a mutagen118 and a suspected carcinogen.119 
For these reasons it is imperative that methods be devel­
oped whereby this and other pollutants may be efficiently 
and economically monitored in a variety of circumstances.
The number of established procedures for the deter­
mination of aldehydes and ketones is much too large to 
enumerate here; however, few of these methods can compare 
in range and sensitivity to the azulene procedure. One 
such azulene procedure is described here and the general 
chemistry is outlined for a wide variety of aliphatic and 
aromatic aldehydes and for aliphatic ketones. Under the 
conditions of this procedure azulene and its derivatives 
do not react with aromatic ketones such as benzophenone.
A sensitive test, involving p-dimethylaminobenzalde- 
hyde, for azulenic compounds has been described1^®-1^  and 
this technique has been developed into a colorimetric 
procedure for the determination of azulene precursors in 
the yarrow p l a n t . C o n v e r s e l y ,  this procedure and that 
of reference (122) could be used for the determination of 
£-dimethylaminobenzaldehyde.
Two papers1^ '1^^ have dealt with the use of azulene 
as an analytical reagent. In the first of these papers, 
Sawicki and Engel investigated the determination of fur­
fural, its derivatives and their precursors by an azulene 
procedure. It was reported that the determination limit 
of furfural was 1.7 pg. In the second paper, Sawicki and
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Engel described an azulene location technique for the 
chromatographic analysis of aromatic and heterocyclic 
aldehydes, carbohydrates and other aldehyde precursors.
In both cases, it was reported that the azulene procedure 
compared favorably with or was superior to most of the 
other techniques.
A recent monograph-*-^ has dealt with the colorimetric 
analysis of many aldehydes by a wide variety of reagents.
An azulene procedure was briefly outlined for the deter­
mination of benzaldehyde. It was suggested that procedures 
might be possible for the determination of formaldehyde 
and many other aldehydes.
The reactivity of azulene and some of its derivatives 
towards aldehydes and aliphatic ketones and other species 
has been studied and was discussed in Part A of this 
chapter. Since the chemistry of these species is known,*^7 
only a general outline of the processes will be given here.
Experimental
Reagents
Azulene and 4,6,8-trimethylazulene were products of 
Rutgerswerke A.G. They were chromatographed over neutral 
alumina and then sublimed twice prior to use. p-Bromoben- 
zaldehyde, p-methoxybenzaldehyde and acetone were products 
of Matheson, Coleman and Bell. p-Bromobenzaldehyde was 
recrystallized repeatedly from absolute ethanol and then
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sublimed. The other two compounds were used without 
further purification. Formaldehyde was prepared from 
Eastman paraformaldehyde by dissolving the latter in 
dilute hydrochloric acid solution. USI absolute grade 
ethanol and Mallinckrodt reagent grade 38% HC1 were used 
to prepare all solutions.
Procedures
1). Azulene-£-Methoxybenzaldehyde and azulene-£-bromo- 
benzaldehyde
To one ml of a dilute ethanolic solution of azulene 
were added six ml of 38% HC1 and the required volume of a 
dilute ethanolic solution of the aldehyde to give the 
concentration listed in the tables. These solutions were 
then diluted to ten ml total volume with absolute ethanol. 
The solutions were thoroughly mixed and were allowed to 
cool for two hours. The spectra were recorded by means of 
a Cary 14 recording spectrophotometer.
2). 4,6,8-Trimethylazulene-£-methoxybenzaldehyde
These solutions were prepared and treated in a manner 
similar to that described above? there were two exceptions. 
Three ml of 38% HCl were used, and the spectra were 




These solutions were prepared in the manner described 
in paragraph 1) of this section, and the spectra were 
recorded 2 hours after preparation of the samples.
4). A 2ulene-formaldehyde
The samples for this study were prepared in the usual 
way except that four ml of 38% HC1 were used. The absorp­
tion measurements were made at 5, 24, 54 and 94 hours after 
preparation of the samples.
5). Azulene-aldehydes in alcohols
To one ml of a dilute ethanolic solution of azulene 
were added four ml of 38% HCl. The test solutions were 
then prepared by diluting these solutions to 10 ml each 
with the alcohol to be investigated. These solutions were 
thoroughly mixed and were allowed to stand for 9 4 hours.
Discussion and Results
Azulene reacts readily with benzaldehyde, substituted 
benzaldehydes, and other aromatic aldehydes in acid medium. 
The reaction begins immediately, but the rate of reaction 
as well as the final equilibrium may be somewhat dependent 
upon the quantity of acid present in the reaction mixture.
In acid medium, azulene and its derivatives exist as 
an equilibrium mixture of the two species shown in the 
following equilibrium expression.128
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The concentration of the ionic form is much greater than 
that of neutral azulene. Under the same conditions# the 
aromatic aldehyde is also protonated and the carbonyl
2)
carbon is somewhat positively charged. The neutral azulene 
molecule then undergoes a nucleophilic condensation with 
the protonated aldehyde in which there is subsequent loss 
of water to form 1-benzylidene azulenium salts. The color
r l + ; +H o
of these species ranges from yellow to green and the molar 
absorptivity of the visible absorption band is very large
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whereas that of azulene is very small. These characteris­
tics make azulene and its derivatives very desirable for 
the determination of aromatic aldehydes. The shapes of 
the absorption bands of the salts of a variety of substi­
tuted benzaldehydes are very similar, but the position of 
each band is characteristic of individual substituted 
benzaldehydes. For example, the visible absorption maxima 
of the products formed by condensation of azulene with 
p-chloro-, £-bromo-, and p-iodobenzaldehyde occur at 458, 
462 and 470 nm, respectively.
The absorption spectra of the condensation products 
of azulene and 4,6,8-trimethylazulene with p-methoxybenzal­
dehyde are shown in Figure 77. The visible absorption 
bands are quite similar although that of the trimethyl 
derivative is somewhat blue-shifted relative to that of 
azulene.
Tables 31 and 32 and Figures 7 8 and 79 contain the 
analytical data for the two systems. Inspection of these 
data reveals that azulene should be preferred to 4,6,8- 
trimethylazulene in the determination of aromatic aldehydes 
because the apparent molar absorptivity of the azulenium 
salt is an order of magnitude greater than that of the
4,6,8-trimethylazulenium salt. This difference is somewhat 
exaggerated because the reported results represent apparent 
molar absorptivities, which are governed by the actual 





1 ml 1. 244 x lO” 1* M Azulene in ethanol 
1 ml 3.6 7 x 10“ 3 M p-Methoxybenzaldehyde in ethanol 
6 ml 38% HCl




1 ml 2.08 x 10“ 3 M 4,6,8-Trimethylazulene in ethanol 
1 ml 3.67 x 10“ 3 M p-Methoxybenzaldehyde in ethanol 
3 ml 38% HCl
and diluting to 10 ml total volume
3.67 x 10 ** M p-Methoxybenzaldehyde in a solution 
containing 6 ml 38% HCl in 10 ml total solution
1.73 x 10“ “ M Azulenium cation in a solution 












Azulene 1.73X10^ In 60% HjS04
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Analytical Data for the Determination of 
£-Methoxybenzaldehyde 
8.84 x 10“ “ M Azulene, 6 ml 38% HCl in 10 ml Total Volume
£-Methoxybenzaldehvde A at
Sample molar conc. x 10 518 nm (<A-Ao)/C) x
01 0 0.038
02 1.47 0.120 5.58
03 2.94 0. 209 5. 82
04 4.41 0. 290 5. 71
05 5.88 0. 365 5. 56
06 7 . 35 0.449 5. 59
07 8. 82 0. 528 5.56
08 10.29 0.610 5.56
09 11.76 0.698 5. 61
10 13. 23 0. 775 5. 57
11 14. 70 0. 866 5.63
12 16.17 0.960 5.70
13 17 .64 1. 046 5.71
14 19.11 1.106 5.59
15 20.58 1.195 5.62
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TABLE 3 2
Analytical Data for the Determination of 
p-Me tho xybenzaldehyde 
1.55 x 10” * M 4 , 6 , 8-Trimethylazulene ,
3 ml 38% HCl in 10 ml Total Volume
Sample
p-Me thoxyben z aldehyde 





01 0 0. 072 0. 096
02 0.59 0.120 0.144
03 1.17 0.168 0. 200
04 1.76 0.221 0. 271
05 2. 35 0. 274 0. 305
06 2.93 0. 331 0. 371
07 3.52 0. 360 0.413
08 4.11 0.410 0.456
09 4 .78 0.456 0.533
10 5.28 0.509 0. 564
11 5. 89 0. 540 0. 595
12 6.46 0.578 0.634
13 7.04 0.641 0.703
14 7.63 0.679 0. 749
15 8.22 0.727 0.790
(<A-A„)/C) x 
10"*, 20 hrs
4 . 09 
4.44 
4 . 97 





4 . 43 
4.25 
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The extent and the rate of reaction between an 
aromatic aldehyde and a derivative of azulene under a 
given set of conditions depend on the basicity of the 
azulene derivative. This property of the azulene nucleus 
might be used to advantage since the more basic deriva­
tives, such as 4,6,8-trimethylazulene, are more completley 
protonated than is azulene under the same conditions 
(Reaction 1) and do not react with aliphatic aldehydes 
and ketones. For example, through the use of a more basic 
derivative of azulene, an aromatic aldehyde could be deter­
mined without interference from the reaction products of 
aliphatic aldehydes and ketones. The advantage of the use 
of the more basic derivative is that the technique is made 
more selective.
Although the reaction of £-methoxybenzaldehyde and 
azulene is very rapid, significant deviations from the 
average apparent molar absorptivity were found in the case 
of solutions that were allowed to cool for approximately 
30 minutes. The best results, ones that had less than 
five percent deviation from the average, were obtained 
with the use of solutions that were allowed to stand two 
hours prior to analysis. Similar results were obtained 
when systems including other aromatic aldehydes were 
studied.
Figure 80, Table 33 and Figure 81 contain the 
corresponding data for the azulene-g-bromobenzaldehyde
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Figure 80
1 - (p-Bromobenzylidene)-azulenium chloride 
Prepared by mixing
1 ml 4.97 x 10"** M Azulene in ethanol 
1 ml 1.35 x 10~* M p-Bromobenzaldehyde in ethanol 
6 ml 38% HCl
and diluting to 10 ml total volume
1.35 x 10-tt M p-Bromobenzaldehyde in a solution 






p-Bromobenzaldehyde FIGURE 80 






Analytical Data for the Determination of 
j) - B romobe n z a 1 de hy d e 
1.41 x 10-1* M Azulene, 6 ml 38% HCl in 10 ml Total Volume
p-Bromobenzaldehyde A at 
Sample molar conc. x 106 4 60 nm ( (A-Ao) /C) x 10~ *
01 0 0. 029
02 0. 674 0.048 2.82
03 1. 348 0.067 2. 82
04 2. 022 0 . 082 2.62
05 2.696 0.103 2.74
06 3. 370 0.120 2.70
07 4.044 0. 139 2.72
08 4.718 0.158 2.73
09 5. 392 0.185 2.89
10 6. 066 0.202 2. 85
11 6. 740 0. 216 2. 77
12 7.414 0.235 2.78
13 8. 088 0. 250 2.73
14 8.762 0.271 2 . 76
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reaction. The apparent molar absorptivity of this system 
is only about one-half that of the azulene-£-raethoxybenzal- 
dehyde reaction, but it is large enough to make this a 
valuable procedure.
A comparison of the absorption spectra in Figures 77 
and 80 indicates a general phenomenon; the relative posi­
tion of the maximum of the visible absorption band of 
these species shifts to longer wavelengths when better 
electron-donating groups are added to the phenyl portion 
of the molecule. This behavior reflects the charge-trans- 
fer character of the absorptive transition in 1-benzylidene- 
azulenium salts.
In a similar manner, azulene reacts with aliphatic 
ketones, such as acetone, to form 1-alkylidene azulenium 
salts.
These species are stable for hours in strongly acidic media 
but decompose rapidly if they are isolated. The intensity 
of the visible absorption band of these species is much 
less than that of the condensation products of azulene and 
aromatic aldehydes. The apparent molar absorptivity for 
1-isopropylidene azulenium chloride is slightly greater
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than 5 00; the spectra and analytical data are given in 
Figure 82, Table 34 and Figure 83. The apparent molar 
absorptivity is much less than that reported for the pure 
salt, which is 4260 1 mole-1 cm-1. This result indicates 
that the reaction is far from complete and that maximiza­
tion of the reaction conditions could possibly lead to an 
order of magnitude increase in the sensitivity of the 
method.
The location of the visible absorption maxima of 
1-alkylidene azulenium salts at wavelengths less than 450 
nm insures that there would be little mutual interference 
in the determination of an aliphatic ketone and an aromatic 
aldehyde in the same sample. However, there is likely to 
be serious overlap of the absorption bands of the 1-alkyli­
dene azulenium salts, and consequently a procedure for 
analysis of multicomponent mixtures would have to be used 
for determining the components of mixtures of aliphatic 
ketones.
Azulene condenses with formaldehyde in a two step 






1 ml 1.244 x 10“ 3 M Azulene in ethanol 
1 ml 2.70 x 10“ 2 M Acetone in ethanol 
6 ml 38% HC1
and diluting to 10 ml total volume
2.70 x 10~2 M Acetone in a solution containing 















Analytical Data for the Determination of
Acetone


















38% HC1 in 10 ml Total Volume 
A at



















The absorption spectrum is shown in Figure 84. The molar 
absorptivity of the pure salt is near 106,000 1 mole-1 cm-1, 
but the data given in Table 35 and Figure 85 indicate that 
under the given conditions the reaction of higher concen­
trations of formaldehyde does not proceed to completion. 
Through the use of calibration curves, this method should 
provide a very sensitive method for the determination of 
formaldehyde. The location of the absorption maximum near 
620 nm guarantees that interference from aliphatic ketones 
should not occur. In addition, there should be little 
interference from the majority of the aromatic aldehydes. 
g-Dimethylaminobenzaldehyde would interfere, however, 
because the absorption maximum of its azulenium salt occurs 
near 640 nm.
Under some conditions the reaction proceeds one step 
further and results in the formation of the triazulenyl- 
methyl cation. The visible absorption band of this species 
is considerably less intense and occurs at longer wave­





1 ml 8.84 x 10"1* M Azulene in ethanol 
1 ml 9.00 x 10“ 5 M Formaldehyde in ethanol 
3 ml 38% HC1
and diluting to 10 ml total volume
Formaldehyde
9.00 x 10“ 6 M in a solution containing 4 ml 38% HCl 





















Analytical Data for the Determination of Formaldehyde
1.224 x 10~" M Azulene, 4 ml 38% HCl in 10 ml Total Volume
Formaldehyde A at 620 nm ((A-A0)/C) :
molar cone, x 10s 5 hrs 24 hrs 54 hrs 94 hrs 54 hrs
0 0.079 0.146 0.294 0.386
0.15 0.151 0.341 0.480 0.586 1.24
0.30 0.214 0.502 0.684 0.776 1.30
0.45 0.288 0.727 0.928 1.016 1.41
0.60 0.326 0.818 1.060 1.148 1.28
0.75 0.377 0.965 1,226 1.320 1.24
0.90 0.415 1.066 1.364 1.444 1.19
1.05 0.475 1.178 1.484 1.556 1.13
1.20 0.487 1.188 1.534 1.616 1.03
1.35 0.530 1.248 1.588 1.700 0.96
1.50 0.576 1.342 1.680 1.764 0.92
1.65 0.605 1.387 1.722 1.802 0.87
1.80 0.631 1.394 1.760 1.846 0.81
1.95 0.670 1.452 1.806 1.882 0.78





















a ■ ■ d A a 5 hrs 
a  a  a a a 2 4  hrs 
• • • A a 54 hrs
A
A
, MC9N,CEjNTB<ffJPH f i . r f  , .
013 0.76 LOO
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absorption of this species is readily observable at 655 nm 
and would interfere with that of the diazulenyl compound, 
but the reaction conditions may be altered to prevent the 
formation of the triazulenyl compound.
Some other aliphatic aldehydes may give compounds 
that have spectra that overlap that of the formaldehyde 
adduct because these compounds react with azulene in a 
manner similar to that of formaldehyde to produce diazu­
lenyl alkyl cations.
Several attempts to develop an analogous procedure 
for the determination of acetaldehyde were unsuccessful. 
When test samples were prepared in a fashion identical to 
that for formaldehyde, the solutions almost immediately 
became yellow in color. Within a short time the solutions 
began to take on a greenish hue. After four days, the more 
dilute solutions were blue and contained a fine precipi­
tate. The more concentrated solutions were dark green.
The absorption spectra of these solutions were very com­
plex, and the absorbance could not be related to the con­
centration .
Apparently the initial reaction occurs between azulene 
and acetaldehyde to produce 1-ethylidene azulenium ions. 
This compound is indicated by the yellow color of the 
solutions. It was assumed that this initial reaction would 
be followed by condensation with a second azulene molecule 
to form the diazulenyl ethyl cation* If such is the case, 
then the reaction is very slow or the reaction competes
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with other unknown side reactions.
The procedure for the determination of formaldehyde 
can be very important in most luminescence laboratories 
because compounds containing an aldehyde group may quench 
emissions or may exhibit emissions of their own. The 
procedure described herein provides a sensitive, convenient 
test for aldehyde contaminants in alcoholic solvents 
intended for use in emission spectroscopy.
Several alcohols were tested by means of this proce­
dure. The results are given in Table 36. Because alde­
hyde free alcohol was not used in the preparation of the 
azulene solution, the true concentration of aldehyde in 
the various alcohols cannot be determined. The results do, 
however, indicate the relative level of aldehyde contamina­
tion in the various samples. The reported concentrations 
were determined from the plot of absorbance versus concen­
tration in Figure 85. The concentrations were multiplied 
by 200 because the recorded absorbance was due to that 
aldehyde contained in only five ml of the test alcohol.
This method assumes that the contaminant is formaldehyde 
or that the contaminant forms an adduct with azulene which 
has a molar absorptivity near that of the formaldehyde 
adduct. This assumption seems reasonable because the 
absorption spectra of these solutions are very similar to 
that of the azulene-formaldehyde adduct.
Only small significance may be attributed to the 
absorbance at 620 nm of the various samples of USI Absolute
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TABLE 36
Analytical Data for the Determination of 
Formaldehyde in Alcoholic Solvents
Sample
USI Absolute EtOH 
USI Absolute EtOH 
USI Absolute EtOH 
USI Absolute EtOH 
Absolute EtOH*
Mallinkrodt MeOH 
Harleco Mixed Alcohols 




at 620 nm Formaldehyde
0.420 6 X 10~* M
0.418 6 X 10-5 M
0.437 6 X 10-5 M
0.403 6 X 10"5 M
0.386 6 X 10” 5 M
0.478 7 X 10“ 5 M
0. 766 1.2 X 10~* M
0. 991 1.6 X lO"* M
3. 552 >8 X 10"" M
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Ethyl Alcohol. These samples were taken from freshly 
opened bottles of the same batch. As such, the reported 
absorbances represent the degree of reproducibility of 
the method. It is interesting to note that the ethanol 
sample purified by fractional distillation from magnesium 
metal exhibited the smallest absorbance of all the test 
solutions.
Conclusion
The reactions outlined in this work are only partially 
selective in that they occur with all aromatic aldehydes, 
aliphatic aldehydes and, to a lesser degree, with aliphatic 
ketones; some of the spectra differ sufficiently to permit 
simultaneous determinations, but others are sufficiently 
similar to prevent such determinations. Although only 
azulene and 4,6,8-trimethylazulene were studied, it should 
be pointed out that virtually all the alkyl- and multi- 
alkyl-derivatives of azulene would undergo the same type 
of reaction provided that they have an unsubstituted 1- or 
3- position. Under identical reaction conditions each 
azulene derivative behaves differently towards aldehydes. 
Perhaps through the use of different derivatives and 
different reaction conditions the azulene procedure could 
be made more selective. In general, alkyl-substitution 
into the azulene nucleus increases the basicity^2®-^ 1 
and lowers the reactivity towards aldehydes under a given
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set of conditions. In the cases of the more basic azulene 
derivatives, care must be taken to avoid an excessive 
amount of acid in the reaction mixtures. For example, 
under the conditions of the standard procedure for unsub­
stituted azulene, 4,6,8-trimethylazulene reacts relatively 
weakly with para-substituted benzaldehydes and not at all 
with acetone and formaldehyde. Reducing the quantity of 
acid by one-half increases the reactivity of the trimethyl 
derivative towards aromatic aldehydes but not towards 
formaldehyde and acetone.
This work is primarily concerned with the luminescence 
and absorption spectroscopy of azulenes and developing 
analytical techniques is not a major goal; consequently 
the general method has been presented and the development 
of details and applications is left to those interested in 
analytical methods. The azulenium salts outlined in this 
work exhibit fluorescence. In some cases, notably the 
adcuct of azulene and acetone, this fluorescence is quite 
strong. Although no attempt has been made to determine 
aldehydes by means of the emissions of their salts with 
azulenes, this method could provide a significant alterna­
tive to determinations by means of their absorption spec­
tra. The luminescence spectra will be published separately.
The positions of the visible absorption maxima of 
1-benzylidene azulenium salts are sufficiently different 
from those of 1-alkylidene azulenium salts that each offers 
little interference with the others. However, it is
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probable that the bands of 1-alkylidene azulenium salts 
overlap seriously, so that the simultaneous determination 
of mixtures of aliphatic ketones might prove to be diffi­
cult. On the other hand, simultaneous determination of 
mixtures of aromatic aldehydes, especially substituted 
benzaldehydes, should prove to be somewhat easier since 
the absorption maxima span the range of 450 to 6 50 nm.
The positions of the visible absorption maxima of 
diazulenyl alkyl cations are greatly different from those 
of 1-alkylidene azulenium salts and are somewhat different 
from those of most 1-benzylidene azulenium salts. The 
simultaneous determination of formaldehyde-aliphatic 
ketone and formaldehyde-aromatic aldehyde systems should, 
therefore, present little difficulty.
Finally, it should be mentioned that the molar absorp­
tivity of the diazulenyl cation in this study is approxi­
mately an order of magnitude larger than that reported by 
Hafner. At present, this large difference cannot be 
rationalized.
C. Other Reactions of Azulene and Conclusions
The remainder of this chapter consists primarily of 
some spectra data that were not included in the preceding 
analytical application and of a discussion of some reac­
tions that azulene undergoes in solutions that might con­
tain traces of acid. Previous studies of the absorption 
spectra of compounds of this type have been made by Reid
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and by Hafner. These studies were, however, designed 
primarily to aid in the characterization of the newly 
synthesized compounds. The partial spectra and molar 
absorptivities given in these previous papers have been 
expanded and confirmed in this present work.
From a purely qualitative standpoint, it is to be 
expected that the absorptive transitions of 1-alkylidene- 
and 1-benzylidene azulenium cations would mimic those of 
the azulenium cation. Extension of the n-electron system 
from the five-membered ring of azulene by a styrene-like 
moiety would, however, be expected to alter severely the 
energy of the azulenium-like transitions. Two other 
factors should also influence the energy of this transi­
tion. Electron withdrawing or donating substituents in 
the phenyl ring should influence the overall electron with 
drawing or donating capacity of the benzylidene substitu­
ent. Alkyl substitutions into the 4- and 8-positions of 
the azulene nucleus should also influence the energy of 
this transition by two mechanisms. First, alkyl groups in 
these positions would inhibit the co-planarity of the 
azulene and phenyl sub-groups and would thereby raise the 
energy. Second, the electron releasing ability of the 
alkyl groups should partially offset the positive change 
of the azulene nucleus and thus influence the energetics 
of the transition. These predictions have, in part, been 
confirmed by the work of Reid and co-workers. The influ­
302
ence of the various substituents on the phenyl group has 
been established by these workers. The influence of alkyl 
substitution into the seven-membered ring of azulene has 
not been firmly established since very few derivatives of 
this type have been prepared from unsubstituted azulene. 
Therefore, a standard was lacking. These derivatives have 
now been prepared and are reported herein.
At this point it is necessary to state that the 
spectra reported in this chapter are not the absorptions 
of a single molecular species. Since the compounds were 
prepared by mixing solutions of the aldehyde and of azu­
lene, the spectra may contain contributions from the pro- 
tonated azulene, the protonated aldehyde and the adduct.
The solutions from which the absorption spectra were 
recorded all contained excess aldehyde. It was anticipated 
that the use of this technique would minimize or eliminate 
absorptions due to the azulenium cation. The spectra of 
the protonated aldehydes consist of a single absorption 
band in most cases; therefore, the spectra should be rela­
tively free from interferences, except in the region of 
these bands.
This work is primarily concerned with the lowest 
energy absorption bands of the benzylidene azulenium salts; 
therefore, it can safely be assumed that this portion of 
the spectra is, in each case, due to the absorption of a 
single species.
The molar absorptivities listed throughout this work
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are the "apparent molar absorptivities" which are calcu­
lated on the assumption that all the azulene has reacted.
The use of excess aldehyde insures that this is a good 
approximation. The molar absorptivities calculated in 
this manner agree fairly well with those obtained by other 
authors.
In addition to the absorption spectra of the alkyli- 
dene- and benzylidene-azulenium salts introduced in the 
analytical application, several other spectra have been 
obtained. These additional spectra are presented in 
Figures 86 through 89. In each case, a rather broad, yet 
well defined band is observed. The contours of these 
bands are nearly identical, yet the wavelength of maximum 
absorbance is characteristic of each compound. This 
behavior makes possible the use of this technique for both 
the identification and quantification of aromatic aldehydes.
The wavelengths of maximum absorbance of these deriva­
tives are tabulated in Table 37. The corresponding data 
for several other derivatives of this type are also tabu­
lated in Table 37. The spectra of this latter group were 
not included in this work because they are sufficiently 
similar to those already presented that no additional 
information could be gained. In addition, the reactions 
of £-nitrobenzaldehyde and £- {N,N-dimethylamino)-benzalde- 
hyde with the azulenes were attempted. Under reaction 





1 ml 1.244 x 10"3 M Azulene in ethanol 
1 ml 1.18 x 10”2 M g-Methylbenzaldehyde in ethanol 
6 ml 38% HC1




1 ml 2.08 x 10"s M 4,6,8-Trimethylazulene in 
ethanol
1 ml 1.18 x 10"2 M ja-Me thy lbenz aldehyde in ethanol 
3 ml 38% HC1
and diluting to 10 ml total volume
1.18 x 10“ 3 M p-Methylbenzaldehyde in a solution 

















1- (£-Hydroxybenzylidene)-azulenium chloride 
Prepared by mixing
1 ml 1.244 x 10"3 M Azulene in ethanol 
1 ml 3.37 x 10” 3 M £-Hydroxybenzaldehyde in ethanol 
6 ml 38% HC1




1 ml 2.08 x 10“ 3 M 4,6,8-Trimethylazulene in ethanol 
1 ml 3.3 7 x 10“ 3 M j>-Hydroxybenzaldehyde in ethanol 
3 ml 38% HCl
and diluting to 10 ml total volume
3.37 x 10 H M £-Hydroxybenzaldehyde in a solution 
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Figure 88
1- (g-Chlorobenzylidene)-azulenium chloride 
Prepared by mixing
1 ml 4,97 x 10-1* M Azulene in ethanol 
1 ml 1.61 x 10“ 3 M £-Chlorobenzaldehyde in ethanol 
6 ml 38% HCl













1 ml 4.97 x 10-lt M Azulene in ethanol 
1 ml 1.36 x 10“ 3 M £-Iodobenzaldehyde in ethanol 
6 ml 38% HCl










Comparison of Wavelengths and Energies of the Lowest Energy Transition 
of 1-(R)-Azulenium and 1-(R)-4,6,8-Trimethylazulenium Chlorides
Azulene
R-Group Amax .<™> Energy (cm l) Ajnax Energy (cm-1)
Benzylidene 452 22124 417 23981
4'-Chlorobenzylidene 458 21834 N.R.*
4-Bromobenzylidene 461 21692 N.R.
4'-Iodobenzylidene 470 21277 N.R.
2'-Methoxybenzylidene 507 19724 482 20747
4'-Methoxybenzylidene 517 19342 512 19531
2'-Hydroxybenzylidene 508 19685 483 20704
4'-Hydroxybenzylidene 517 19342 512 19531
21,4'-Dihydroxybenzylidene 550 18182 N.R.
4'-Methylbenzylidene 475 21053 458 21834
5'-Chloro-21-hydroxybenzylidene 512 19531 482 20747
5'-Bromo-2'-hydroxybenzylidene 513 19493 483 20704
N.R.* indicates that no reaction occurred.
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there was an immediate reaction that produced a yellow 
solution. The reaction continued and the solution even­
tually became lime green. Reliable, consistent data could 
not be obtained for these compounds; consequently they 
are not included.
It is tempting to try to correlate data such as those 
in Table 37 with the electron releasing ability of the 
substituents on the phenyl ring of the benzylidene azulen­
ium salts. It is obvious that as these substituents 
become better electron donors the absorption maximum 
shifts to longer wavelengths. It is, however, observed 
that when the substituent is chlorine, bromine or iodine 
the absorption maximum is also shifted to longer wave­
lengths relative to 1-benzylidene azulenium chloride.
These latter substituents must be classified as electron- 
withdrawing; therefore, any correlation that might be 
considered should be based on the overall donating or 
withdrawing ability of the entire phenyl group.
Efforts to find a reasonable correlation other than 
the general red-shift of the absorption maximum were only 
partially successful. For example, it is difficult to 
imagine that a £-chloro-phenyl substituent would be a 
better electron donor than a phenyl substituent; yet, this 
conclusion would appear to be indicated by the data in 
Table 37.
If it is assumed that the major differences between
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the benzylidene azulenium cation and the benzylidene-
4,6,8-trimethylazulenium cation are the steric and induc­
tive effects of the methyl groups, then it is expected 
that the energy difference, E(X-benzylidene-4,6,8-tri- 
methylazulenium)-E(X-benzylidene-azulenium), would be a 
constant for a series of X's, except in those cases for 
which steric interference is severe. This energy differ­
ence is found to vary considerably; results are given in 
Table 38. In fact, as the substituent becomes a better 
electron donor the energy difference, AE* , becomes much 
smaller.
The energy difference, AE2, in Table 38 represents 
the shift of the transition to lower energy as the various 
substituents are added to the 1-benzylidene-azulenium 
cation. Likewise, AE3 represents the corresponding shift 
for the trimethyl derivatives. In each case, the shift 
increases with increasing electron donating ability of 
the substituent. In other words, AE2 and AE S apparently 
represent the red shift of the transition energy that is 
due entirely to the substituent, X-, in the phenyl ring.
The difference, AE*, represents the amount by which the 
red-shift of the trimethyl derivatives exceeds those of the 
unsubstituted derivative. It is not obvious that this 
red-shift should be so much larger in the case of the tri­
methyl derivatives.
In addition to the absorption spectra of the alkyli-
TABLE 38
Comparison of the Energies of 1-(R)-Azulenium Chlorides 
H 2'MeO 4’MeO 2'0H 4'0H 4'Me 5'C120H 5'Br2'OH
AEX 1857 1023 189 1019 189 781 1216 1211
a e 2 2400 2782 2439 2782 1071 2593 2631
a e 3 3234 4450 3277 4150 2147 3234 3277
AE% 834 1648 838 1648 1076 631 646







dene- and benzylidene-azulenium cations reported in this 
chapter, Figures 90 through 92 represent the 77 K fluores­
cence spectra of the 1-(isopropylidene)-, 1-(£-chloro- 
benzylidene)- and 1-(p-methoxybenzylidene)-azulenium 
cations. Insufficient data is presently available to 
undertake a detailed analysis of these emissions. This 
author is, therefore, content to report that these deriva­
tives are luminescent. The 1-(isopropylidene)-azulenium 
cation is strongly luminescent. The luminescent method of 
quantification could, therefore, provide a superior analy­
tical method than the visible absorption method outlined 
previously.
In the course of a series of studies on the light 
absorptive and emissive properties of azulene, it was 
anticipated that the long wavelength absorption band might 
be due to intermolecular charge transfer and that perhaps 
azulene exists in solution predominately as head-to-tail 
dimers. With this in mind, the spectral characteristics 
of azulene dissolved in 1-chloronaphthalene, bromobenzene 
and chlorobenzene were studied. It was anticipated that 
one of these polar molecules might successfully replace 
one of azulene in the dimer and that this would result in 
observable spectral changes. The postulated spectral 
changes were not observed; but, upon standing several 
days the solutions did exhibit absorption bands which 





































reactions proved to be very slow, and no useful product 
could be identified.
Azulene in carbon tetrachloride, methylene chloride, 
and 1,2-dichloroethane was next studied. The reactions 
of azulene in these solvents were found to be much more 
rapid than those of azulene in halogenated aromatics.
The reaction in carbon tetrachloride was essentially 
complete within four days when the solution was exposed 
to ordinary room light. Light was essential for the reac­
tion because a carbon tetrachloride solution of azulene 
stored in the dark showed no spectroscopic signs of degrad­
ation after one month. It is not known whether light was 
necessary for the reaction of azulene in other halogenated 
solvents, but the spectra of the reaction products were 
similar to those obtained from carbon tetrachloride solu­
tion. Thus, light is assumed to be an essential reactant.
Since the efforts to dissociate a proposed dimer were 
unsuccessful, an experiment was designed to study the 
dimerization or aggregation properties of azulene. Solu­
tions of azulene in aqueous dioxane were prepared in such 
a fashion that the water content varied from zero to fifty 
percent by volume. Azulene is relatively insoluble in 
water, so it was anticipated that in this manner spectra 
of varying proportions of azulene dimers or other aggre­
gates could be obtained. The absorption spectra were 
obtained shortly after the preparation of the samples and
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at irregular intervals thereafter. The first series of 
spectra exhibited minor changes from solution to solution, 
but no well defined pattern could be observed. Over a 
period of several days, it was observed that the sample 
containing the largest quantity of added water had under­
gone the most complete degradation. As the reaction pro­
ceeded, the blue color of the azulene gradually faded and 
a new absorption band developed. This new band was locat­
ed between the S2 +- S0 and Sx ■*- S fl absorption bands of azu­
lene. After several days, the long wavelength absorption 
band of azulene could no longer be detected.
Another experiment was designed to study the emissive 
properties of azulene in aqueous micellar solutions.
Several solutions were prepared from azulene and aqueous 
tetradecyl triethyl ammonium bromide. The concentration 
of detergent ranged from just below to well above the 
critical micelle concentration. Control solutions were 
prepared from azulene and aqueous tetramethyl ammonium 
bromide and from azulene and tetraethyl ammonium iodide.
In these latter cases micellization does not occur. In 
each of these mixtures, all the azulene eventually dis­
solved, but the solutions yielded very poor azulene absorp­
tion spectra. It appears that azulene dissolved in the 
form of dimers or higher aggregates since the azulene 
fluorescence was scarcely detectable. Crystalline azulene 
and the azulene dimer do not fluoresce. No reaction was
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observed in these solutions over a period of several weeks. 
During this time period, the azulene solutions in aqueous 
tetradecyltriethyl ammonium bromide yielded better and 
better azulene absorption spectra. The absorption spectra 
obtained from solutions that had been stored two months 
were almost identical with the spectra obtained from 3- 
methylpentane solutions. These solutions also yielded a 
strong, well-structured azulene fluorescence.
In the case of tetradecyltriethyl ammonium bromide 
solutions the micelles have a positive charge; therefore, 
it was decided to prepare solutions of azulene with deter­
gents that form negatively charged micelles. Sodium 
dodecyl sulfate was the chosen detergent. Azulene dis­
solved with great difficulty in these solutions, and after 
several days, the solutions were no longer blue but 
appeared to be light green. The absorption spectrum of 
this solution indicated that very little, if any, of the 
original azulene remained.
In each of the previously mentioned halogenated 
solvents, a possible common impurity is a halo-acid, which 
could be present in trace quantities. This possibility 
led to the following investigations of azulene in solutions 
of varying ability to protonate. The protonation products 
of azulene and its derivatives in strongly acidic media 
are well known. It is not known, however, whether this 
reaction occurs through an intermediate that might be
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thought to be a charge-transfer complex of azulene and a 
proton or whether it occurs directly onto the 1- or 3- 
position of the azulene molecule. Research in this area 
has thus far employed approximately 60% by weight sulfuric 
acid, 70% perchloric acid or pure trifluoroacetic acid as 
the protonating medium. The long wavelength absorption 
band that is so characteristic of azulene disappears in 
these media, hence this protonated form is different from 
the product that forms in halogenated solvents. It was, 
therefore, decided to study the behavior of azulene in 
acids that have lesser protonating ability than does tri- 
fluoroacetic acid.
The first experiment of this nature was concerned 
with the interaction of azulene and ethanolic solutions 
of trichloroacetic acid. In this solvent system, azulene 
was degraded very rapidly to unidentifiable products. No 
firm evidence was found to indicate that azulene had been 
protonated.
The behavior of azulene in pure dichloroacetic acid 
was next studied. Azulene dissolved therein with no 
difficulty and with an enhancement of blue color. The 
absorption spectrum recorded from freshly prepared solu­
tions had an absorption maximum near 620 nm. The molar 
absorptivity of this maximum, based upon the quantity of 
azulene in the sample, varied up to several thousands.
The molar absorptivity of the long wavelength absorption
324
band of azulene derivatives is normally less than about 
five hundred. Further study led to more interesting, 
though perplexing results. A series of samples was pre­
pared in which the concentration of azulene and of 
dichloroacetic acid were fixed and the relative quantities 
of ethanol and water were varied. These solutions con­
tained 50 volume percent dichloroacetic acid and quanti­
ties of ethanol that ranged from 50 to 10 volume percent; 
the remaining volume was made up with water. The absorp­
tion spectrum of each solution was recorded immediately 
after mixing and the intensity of the absorption band at 
620 nm was found to decrease with increasing quantities of 
water. This reaction would seem, then, to involve the 
undissociated form of dichloroacetic acid. The existence 
of an azulene-proton charge transfer complex could not be 
confirmed by these results.
The above results led to another study of azulene in 
pure dichloroacetic acid. A solution of azulene in di­
chloroacetic acid was prepared and divided into two parts. 
The first part was kept in order to observe changes which 
occurred with time over several days and the second part 
was used in a dilution study. It was observed that the 
absorption band at 620 nm increased slowly with time and 
that, upon dilution with fresh dichloroacetic acid, the 
solution did not obey Beer's law. In fact, upon dilution 
by 50 percent it was found that the 620 nm band increased 
by a factor of about five.
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These results indicated that the increase in absorb­
ance at 620 nm might be due to some impurity in the puri­
fied dichloroacetic acid. Since the acid might contain 
small amounts of the ethyl ester and since this species 
is definitely present in solutions of ethanol and dichloro­
acetic acid, it was decided to study azulene in ethyl 
dichloroacetate solution. Such a solution also showed 
increases in the band at 620 nm over a period of time, 
but the reaction occurred therein much more slowly than 
in dichloroacetic acid solutions.
An attempt was made to isolate the product(s) pro­
duced in the reaction of azulene in dichloroacetic acid. 
Upon standing several days, a concentrated solution of 
azulene in dichloroacetic acid deposited a dark blue preci­
pitate. This precipitate was filtered, whereupon it 
immediately became green and then rapidly changed to a 
blackish color. The oily black material remained on the 
filter and upon the addition of dichloroacetic acid 
immediately became dark blue once again. All attempts 
to isolate this product failed.
The results of these experiments seem to indicate 
that the reaction occurred between azulene and the undis­
sociated form of dichloroacetic acid; therefore, other 
experiments involving un-ionized acids seemed to be in 
order. An azulene solution was prepared in anhydrous 
ethanol and this solution was saturated with anhydrous
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hydrochloric acid. The solution appeared light violet 
upon complete saturation of the solution with hydrochloric 
acid; but, within a few hours the solution was dark blue. 
The absorption spectrum recorded from this blue solution 
was very similar to that obtained from a dichloroacetic 
acid solution. Azulene could not be recovered from this 
solution.
In a related experiment, an azulene solution was pre­
pared in 3-methylpentane which was then saturated with 
anhydrous hydrochloric acid. The addition of hydrochloric 
acid to this solution was continued several minutes beyond 
total saturation. A violet-red precipitate was formed 
during this process and some small quantity of azulene 
remained in the 3-methylpentane solution. The precipitate 
was not soluble in the common organic solvents, but it did 
readily dissolve in concentrated hydrochloric acid. The 
absorption spectrum recorded from this solution was simi­
lar to, but not identical with, that recorded from the 
violet solution of azulene in ethanol described above.
Upon standing several hours, the violet-red precipitate 
decomposed to a green-brown mass that was extremely 
insoluble even in concentrated hydrochloric acid.
At this point in the investigation of the properties 
of azulene, it was decided that an effort should be made 
to identify the product or products that were formed in 
these seemingly unrelated reactions. Although the isola-
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tion of these products was not successful, it now appears 
that these reactions are indeed related. A compilation 
of the possible conditions for a reaction in all the sol­
vents yielded some interesting correlations. First, with 
the possible exceptions of the reaction in aqueous sodium 
dodecyl sulfate solution and of the reaction in aqueous 
£-dioxane, a halo-acid or free molecular halogen was 
possibly present in each case. Second, the acid existed 
under conditions in which it should be at least partially 
un-dissociated. Third, in all the solvent systems studied, 
azulenium cations were present in very small quantities, 
if they were present at all.
Although definite proof cannot be presented at this 
time, it appears that the reaction of azulene in halogen­
ated aromatics is due to the presence of trace amounts of 
molecular halogen. Azulene is shown to form complexes 
with the halogens and the complexes are rather susceptible 
to both moisture and oxygen. A reaction of this type could 
partially explain the observed behavior of azulene in these 
solvents. The continued increase in the concentration of 
the reaction product(s) may be due to photochemical release 
of halogen by the solvent since these samples were not 
protected from light.
The reaction of azulene in carbon tetrachloride, 
methylene chloride and 1,2-dichloroethane appears to be 
due to a complicated photochemical process. Carbon tetra­
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chloride is well-known for its photochemistry even though 
controversy still abounds as to the exact mechanism by 
which this process occurs. The photochemical decomposi­
tion of carbon tetrachloride might lead to the formation 
of trichloromethyl cations. These substances would pro­
vide suitable reactants for azulene. The spectral proper­
ties of the actual reaction products do not, however, 
indicate such a reaction. The primary product that should 
be formed is 1-trichloromethyl azulene. The spectral 
properties of this product are predicted to be quite 
different from those actually obtained.
The possibility exists that a common contaminate in 
the three chlorinated aliphatics might be chloroform.
This material also has many interesting chemical proper­
ties. Chloroform reacts under a variety of conditions to 
produce phosgene, a suitable reactant for azulene. The 
reaction of azulene with phosgene may be summarized by the 
following sequence of events. The reaction requires the
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presence of acid; but, this requirement should present no 
difficulty because the decomposition of both chloroform 
and carbon tetrachloride produces hydrochloric acid. The 
presence of this reaction product might successfully 
account for the observed spectral properties of the reac­
tion mixtures and the further decomposition of the initial 
reaction products.
The reaction of azulene in dichloroacetic acid is 
believed to occur by a similar pathway, although in this 
reaction light is not an essential reactant. It was 
stated earlier that this reaction occurred much more 
rapidly in dichloroacetic acid solutions that contained 
little or no water than in dichloroacetic acid solutions 
containing water. In other words, the reaction must 
involve the undissociated molecule of dichloroacetic 
acid. The following reaction sequence might successfully 




c h c i2
330
carbon is electron deficient and provides a suitable 
nucleophile for reaction with azulene. The extraordinary 
molar absorptivities of the reaction product can be 
explained only in terms of a chromophore of this type.
This sequence also explains why the reaction occurs more 
slowly in those dichloroacetic acid solutions that contain 
a larger quantity of water*
The reaction of azulene in anhydrous ethanol saturat­
ed with HC1 appears to result in a product similar to 
those described above. The alcohol might be protonated 
under certain conditions and this would result in a suit­
able reactant for azulene. This ionic species could 
account for the intense blue color of the reaction mixture
that is observed once the solution is allowed to stand 
several hours. The initial color of the reaction mixture 
cannot* however, be explained by this reaction sequence. 
The product of the first step in this sequence, the
c h 8ch*o h 28+
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1-ethylidene azulenium cation, should be yellow in color; 
however, this color was not observed during the reaction. 
The salt, azulenium chloride, might be produced under 
sufficiently anhydrous conditions, but this product is 
predicted to be colorless and, therefore, cannot account 
for the initial color of the solution.
The nature of the product formed from the reaction of 
azulene in hydrogen chloride saturated 3-methylpentane is 
even more difficult to determine. The reaction in this 
case undoubtedly occurs between azulene and hydrogen 
chloride. The product must be a charge-transfer complex 
of some sort since neither a protonated azulene, a chloro- 
azulene nor an azulenium chloride can account for the 
physical and spectral properties of the observed species. 
It then appears that a new complex of unknown composition 
is implicated in this reaction and in the initial reaction 
of azulene in hydrogen chloride saturated anhydrous 
ethanol.
The decompositions of azulene in aqueous sodium do- 
decyl sulfate solution and in aqueous £-dioxane solution 
remain to be explained. These reactions appear to have 
different origins than those described previously. Addi­
tional information is required in order to successfully 
speculate on the nature of the reaction products.
Azulene is thus observed to be a very reactive mole­
cule under certain reaction conditions. In the examples
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recorded herein, it appears that the presence of acid 
greatly intensifies the reactivity of azulene. It is 
also observed that a substantial number of these seemingly 
unrelated reactions may be explained by a reaction pathway 
similar to that previously described by Reid and by 
Hafner. It is suggested that more research be directed 
towards the isolation and identification of these reaction 
products. This research should be more successful if the 
reactions were carried out in a dry, inert atmosphere.
The product formed through the reaction of azulene and 
hydrogen chloride could prove to be highly interesting 
because the proposed product is a new type. This product 
could possess interesting electrical properties.
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